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ABSTRACT
Contamination of soils with lead (Pb) continues to pose a risk to the health of humans especially
in residential urban areas. Remediation of these soils is necessary to reduce the amount of Pb and alleviate
risk to human health. Phytoextraction of Pb through chemically induced accumulation of Pb in the
harvestable foliage and removal of contaminated plant material has great potential in offering a solution
to this environmental problem. The effects of the combined application of a soil fungicide (benomyl),
synthetic chelates (ethylenediamineteteraacetic acid, EDTA), and foliar-Fe supplement on lead (Pb)
phytoextraction from contaminated soil by switchgrass (Panicum virgatum) was examined. Leadcontaminated (76 mg Pb kg−1) urban topsoil collected from Atlanta was placed in pots (n=32) seeded with
switchgrass. Pots were arranged in a completely randomized design with the following treatments: (C)
Control, (B) Benomyl, (E) EDTA, (F) Foliar-Fe, (BE) Benomyl + EDTA, (BF) Benomyl + Foliar-Fe,
(FE) Foliar-Fe + EDTA, (BFE) Benomyl + Foliar-Fe + EDTA. Each treatment was replicated with four
pots for each treatment combination and five plants per pot. Chemical treatments were initiated at 82 days
after planting (DAP) when leaf tips showed yellowing. On 82 DAP, benomyl (20 mg kg-1 soil) was
applied to the soil of plants in treatments B, BE, BF, and BFE. EDTA was added (6.2 mg kg-1 total) in 8
split applications for plants in treatments E, BE, FE, and BFE. On 92 and 96 DAP, EDTA 0.1 mmol kg-1
was applied to the soil of plants in ETDA treatments, and on days 100, 106, 112, 118, 127, and 135 DAP
1 mmol kg-1 was added to plants in EDTA treatments. On 103, 109, and 166 DAP, foliar-Fe (20 mg L-1
Iron (II) Sulfate Heptahydrate) was applied directly in three doses to the above-ground foliage of plants in
treatments F, BF, FE, and BFE. Plants were harvested at 155 DAP. Samples from both the shoots and
roots were analyzed for element concentration (Fe, Mn, P, Pb, and Zn) using either inductively coupled
plasma (argon) atomic emission spectroscopy (ICP-AES) or atomic absorption spectrometer (AA-Spec).
Plant growth and soil element data were analyzed for significant differences among individual treatment
combination means (Control, B, E, F, BE, BF, FE, and BFE) using one-way ANOVA with Fisher’s Test
for Least Significant Difference as a post-hoc test. Additionally, data were analyzed for categorical
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differences and interaction effects for treatment with benomyl, EDTA, and foliar-Fe using General Linear
Model. All statistical analyses were run in Minitab® (version 17.1.0) (Minitab Inc. 2013) with statistical
significance accepted at 5% confidence level (α=0.05). Shoot Pb concentration did not vary significantly
among treatments. However, increased biomass in the shoots of plants in the EDTA treatment resulted in
an increase of total extracted Pb in the shoots: 0.17 mg in plants treated with EDTA. This value was a
24% increase above the Control plants (0.13 mg). Plants treated with EDTA had significantly higher root
Pb concentration (117 mg kg-1). This value was a 168% increase above the Control plants (43.7 mg kg -1).
Arbuscular mychorrhizal fungi (AMF) presence was suppressed in plants treated with EDTA and
benomyl. Suppression of AMF activity by benomyl had no significant effect on Pb extraction by the
switchgrass. However, translocation-ratio of Pb concentration in shoots to roots (TF) was significantly
higher in plants treated with foliar-Fe, indicating a significant effect of foliar-Fe on Pb extraction. In
conclusion, switchgrass has been shown to be able to accumulate Pb in its tissues, though treatment under
the conditions of this study did not significantly affect shoot concentrations of Pb. The increase in soil pH
with EDTA treatment (from 5.5 to 6.9) may have reduced the efficacy of EDTA in effecting Pb transport
and should be considered in future studies. It is noteworthy that foliar-Fe treatment was successful in
increasing TF of Pb from roots to shoots, and should be explored further as a phytoextraction
enhancement. Further research in regard to the use of foliar-Fe application to increase the TF of Pb in
switchgrass is recommended especially under higher soil level of Pb before initiating a pilot study in the
field.
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INTRODUCTION

1.0 Effect of Lead (Pb) on the Environment and Human Health
Heavy metal contamination of soil in residential, agricultural, and industrial areas is an
environmental issue with serious health implications for humans (Canfield et al. 2003; Lanphear et al.
2005; CDC-ACCLPP 2012; Bellinger 2013; Bellinger et al. 2013; Sawalha et al. 2013). Lead (Pb)
contamination, in particular, is of great concern due to its high toxicity to humans at extremely low levels
(Needleman et al. 1990; Lanphear et al. 2005; CDC-ACCLPP 2012). Currently, the level of Pb in the
blood that does not have deleterious effects has not been defined and may not exist (Lanphear et al. 2005;
Bellinger 2008; CDC-ACCLPP 2012; Huang et al. 2012; Sawalha et al. 2013). The United States Centers
for Disease Control and Prevention (CDC) previously recommended a blood lead level (BLL) of 10 μg
dL-1 or above as the “level of concern” at which public health action needs to be initiated (CDC-ACCLPP
2012; Bellinger 2013). However, recent findings show that BLL well below the CDC 10 μg dL-1 standard
results in cognitive effects, such as IQ deficits and attention-related behavior effects, as well as
cardiovascular, immunological, and endocrine effects (Bellinger et al. 2003; Canfield et al. 2003;
Lanphear et al. 2005; Tellez-Rojo et al. 2006; Jusko et al. 2008; Bellinger 2008; Nigg et al. 2010;
Sawalha et al. 2013). In 2012, the CDC abandoned the term “level of concern” and adopted a “reference
value” corresponding to the 97.5th percentile of BLL to identify children with unusually high BLL,
currently set to 5 μg dL-1 in the U.S. (CDC-ACCLPP 2012; Bellinger 2013). As of 2012, the CDC
estimated that there were 450,000 U.S. children with BLLs above the 5 μg dL-1 cut-off value (CDCACCLPP 2012).
Lead (Pb) levels in soil, airborne dust from resuspended soil, and dust in the home have been
shown to strongly correlate to BLLs in humans in Pb-contaminated environments (Lanphear et al. 1998;
Mielke et al. 1999; Malcoe et al. 2002; Filippelli et al. 2005; Laidlaw et al. 2005; Laidlaw and Filippelli
2008; Zahran et al. 2013). In a pooled analysis of 12 research studies of 1,287 children from multiple
1

large and small cities across the U.S., children living in urban areas were found to have higher BLLs and
higher indoor and outdoor lead exposure than children in comparable suburban or small town areas
(Lanphear et al. 1998). An average BLL of 7.3 μg dL-1 was found in children in the pooled study living
with a soil Pb level of 72 mg kg-1 and floor dust Pb loading of 100 μg ft-2, with an estimated 28% having
BLLs ≥10 μg dL-1 (Lanphear et al. 1998). Studies of children in cities in Minnesota and Louisiana showed
a strong correlation between soil lead level and BLL for children less than 6 years old (Mielke et al. 1999;
Mielke 1999). A study of 367,839 children (ages 0-10) living in Detroit, Michigan from 2001 to 2009
supported an elevated risk of blood contamination from exposure to air dust composed of resuspended
Pb-contaminated soil (Zahran et al. 2013). Indoor floor dust and yard soil contaminated with Pb in
residential areas near a mining region in northeastern Oklahoma were found to correlate with BLLs in
children, with BLLs ≥10 μg dL-1 associated with soil Pb levels >165.3 mg kg-1 and floor dust Pb loading
>10.1 μg ft-2 (Malcoe et al. 2002).
Lead (Pb) from contaminated soil has also been shown to correlate to Pb levels in tissues of
domesticated animals and wildlife in urban areas and in the vicinity of metal smelters. Bees (Apris
mellifera) in urban and other Pb-contaminated areas in France, Brazil, and Rome had higher tissue Pb
levels and pollen Pb levels than bees in rural, less contaminated areas (Morgano et al. 2010; Perugini et
al. 2011; Lambert et al. 2012). Wild rats (Rattus norvegicus) captured in rural farming communities in
Ann Arbor, Michigan in the 1970’s had significantly lower tissue Pb levels than rats captured in urban
areas of Detroit, Michigan (Mouw et al. 1975). Feral pigeons (Columbia livia) living near areas of high
roadway traffic in Poland had elevated tissue Pb levels over those in less contaminated areas (Kurhalyuk
et al. 2009). Domesticated dogs (Canis lupus familiaris) in Pb-contaminated and urban areas of Australia,
Italy, India, and Poland have been shown to have elevated blood and tissue Pb levels over dogs in less
contaminated areas (Koh 1985; Koh and Babidge 1986; Balagangatharathilagar et al. 2006; Serpe et al.
2012; Monkiewicz et al. 2012). Raccoons near high traffic areas in Connecticut and Illinois had average
hepatic Pb levels significantly higher than rural, estuarine raccoons in Florida (Sanderson and Thomas
1961; Hoff et al. 1977; Diters and Nielsen 1978). Total Pb in soil and Pb in food sources (acorns and
2

earthworms) have been shown to correlate strongly with Pb concentrations in bone, kidney, and liver
tissues of wood mice (Apodemus sylvaticus) living in the vicinity of a metal smelter in Belgium (Rogival
et al. 2007). Wild birds including Canada Geese, other waterfowl, upland game birds, songbirds, and
passerine living in the Tri-State Mining District (Oklahoma, Kansas, and Missouri) surveyed for tissue Pb
levels showed elevated Pb levels correlated positively with the level of Pb contamination in the soil
(Beyer et al. 2004; Van der Merwe et al. 2012). Similarly, songbirds living in the Southeast Missouri
Mining District, contaminated with a soil Pb level > 1000 mg kg-1, had significantly elevated Pb
concentrations in kidney, liver, and blood (Beyer et al. 2013).
Environmental Pb contaminants enter human blood directly through transmission from soil to
blood, by direct inhalation and/or ingestion of particles through either contact with hands or food (Sharma
and Pervez 2004; Zahran et al. 2013). Lead (Pb) is typically transmitted from contaminated soils into
homes as Pb-dust, creating a potential hazard for residents (Sharma and Pervez 2004; Zota et al. 2011;
Zahran et al. 2013). Infants and small children are especially at risk of exposure due to their small size,
poor gastric exclusion after ingestion, and increased contact to contaminants through crawling or lack of
hand washing (Ziegler et al. 1978; Mielke et al. 1999; Zahran et al. 2013). Limiting the release of soil Pb
into dust has the potential to decrease exposure through the air or by tracking into homes (Wolz et al.
2003).
Although levels of Pb poisoning of children in the United States have been reduced by about 80%
since the removal of Pb from gasoline (phased out starting in the 1970’s and banned in 1995) and paint
(phased out beginning in the 1950’s), children in urban areas, in particular older cities, remain at risk due
to constant exposure to Pb in urban soil and resuspended dust from contaminated soils (Filippelli and
Laidlaw 2010). Lead levels in soil of many residential areas, especially urban areas and areas near
smelters and other sources of Pb contamination, are well above levels recommended for remediation
(Mielke 1999; Mielke et al. 1999; Filippelli et al. 2005). Cities with larger populations have higher soil
lead levels than suburban areas and smaller cities, with studies in Baltimore, Indiana, Louisiana, and
Minnesota showing soil Pb levels 10 to 100 times higher in the center of large cities than in comparable
3

communities in suburbs and small cities (Mielke 1999; Mielke et al. 1999; Filippelli et al. 2005). Soil Pb
levels and therefore airborne dust Pb levels remain high in many urban areas in part due to historical
atmospheric Pb deposition (de Miguel et al. 1997; Pingitore Jr et al. 2009; Filippelli and Laidlaw 2010;
Zahran et al. 2013). Once in the soil, Pb is very persistent, tending to accumulate and remain in the topsoil
layer (Filippelli et al. 2005; Rabinowitz 2005; Deocampo et al. 2012; Greipsson et al. 2013). A study
conducted in El Paso, Texas using X-ray absorption spectroscopy to identify the source of airborne Pb
revealed the historical deposition remaining in the soil accounts for the majority of Pb in the air, rather
than current commercial and industrial activity (Pingitore Jr et al. 2009). Environmental restrictions on Pb
additives in paint and gasoline have reduced the addition of Pb to soils, but have not remedied the existing
contamination (Filippelli and Laidlaw 2010).
Lead (Pb) contamination in urban and other residential environments may come from many
sources, including historical atmospheric deposition from the use of Pb in gasoline during the 20 th century
(Greipsson et al. 2013), the use of Pb in pesticides including lead-arsenate for agriculture until 1988
(Peryea 1998; Schooley 2006), atmospheric precipitation and wastewater from mining activities and
recycling of metals (Elliott et al. 1989; Dudka and Adriano 1997; Huo et al. 2007; Zhuang et al. 2009),
industrialized sources such as paint and manufacturing of automobile batteries (Dudka and Adriano
1997), and remnants of Pb-containing bullets and other ammunition in war zones, military testing
grounds, and shooting ranges (Chrastný et al. 2010; Al-Sabbak et al. 2012). In addition, heavy metals
including Pb are deposited to soils by atmospheric precipitation, dumping of sewage, and run-off from
areas of agricultural production where mineral fertilizers are used (Zahran et al. 2013; Nacke et al. 2013).
Soils in urban areas in the vicinity of airports may have elevated Pb levels due to deposition of Pb from
propeller engine emissions, as Pb is still used as an additive in aviation fuel (USEPA 2008; Perugini et al.
2011; Ray et al. 2012). The many potential sources of Pb contamination contribute to the high levels of
Pb found in many residential areas (Filippelli and Laidlaw 2010).
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1.1

Remediation of Lead (Pb) Contaminated Soils
Methods for remediation include the use of plants through phytoremediation and engineering

methods such as mechanical extraction, chemical stabilization, and capping of contaminated soil with
uncontaminated soil (McGrath and Zhao 2003; Filippelli and Laidlaw 2010). Conventional engineeringbased methods of remediation are expensive, costing on average ten times as much as phytoremediation
efforts (McGrath and Zhao 2003; Pilon-Smits 2005; Elless et al. 2007). Additional negative effects of
engineering methods include destruction of soil properties, groundwater contamination, release of
contaminated soil as airborne dust particles, or relocation of contaminated soil from one area to another
(Mulligan et al. 2001; Yoon et al. 2006). Phytoremediation, or the use of plants and associated soil
microbes to reduce the concentrations or toxic effects of contaminants in the environment, is usually less
expensive and may be used where soil properties and climate are amenable to growth of the plants (Salt et
al. 1998; Pilon-Smits 2005; Greipsson 2011a).
Phytoremediation options to be considered for a Pb-contaminated soil may include
phytoextraction or phytostabilization. Phytostabilization seeks to immobilize contaminants in polluted
soils through the use of plants and reduce the flow of the contaminant in the environment through
stabilization in the roots or rhizosphere (Salt et al. 1998; McGrath and Zhao 2003; Greipsson 2011a).
Care must be taken to limit uptake of Pb by the phytostabilizing plants and minimize surface and
groundwater contamination (Mench et al. 1999). Chemical amendments may be added to the soil to make
the Pb highly insoluble and unavailable to plants and microorganisms (Salt et al. 1995; Cunningham and
Berti 2000). However, phytostabilization is only a temporary measure as the Pb remains in the soil
(Cunningham and Berti 2000). A more permanent remediation approach is phytoextraction, or the use of
plants to remove Pb from the soil (Cunningham and Berti 2000).
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2.0 Phytoextraction of Lead (Pb) Contaminated Soils
Phytoextraction is defined as the use of pollutant-accumulating plants to remove metals or
organics from soil by concentrating them in the harvestable plant foliage (Salt et al. 1998; McGrath and
Zhao 2003). The extracted Pb is then harvested with the plant foliage and can be recycled from the plant
material through phytomining (Vassil et al. 1998; Pilon-Smits 2005; Huang and Cunningham 2006).
Phytoextraction aims to reduce the level of contaminants such as Pb to acceptable levels such as those set
by the EPA within a given time frame (Huang et al. 1997; Salt et al. 1998; Huang and Cunningham 2006;
Luo et al. 2006a). The current recommendation by the United States Environmental Protection Agency
(EPA) is for children’s play areas to be considered contaminated by Pb at levels above 400 mg kg-1 and
general soil to be contaminated above 1200 mg kg-1 (USEPA 2001). Canadian soil Pb limits are set at a
much more conservative level, with a limit of 140 mg kg-1 for residential or parkland soils and 70 mg kg-1
for agricultural soils (Canadian Council of Ministers of the Environment 2007). Two current approaches
to phytoextraction of Pb are continuous, through the use of natural hyperaccumulators, or induced,
through means such as chemical, microbial, or genetic manipulation to increase the extraction or
translocation of Pb (Salt et al. 1998; Lasat 2002; Luo et al. 2006b). Continuous or natural phytoextraction
relies on Pb hyperaccumulators, defined as plants that naturally accumulate Pb in their tissues (Raskin et
al. 1997; McGrath and Zhao 2003; Saifullah et al. 2009; Sun et al. 2009; Perry et al. 2012).
Hyperaccumulators of Pb are defined as naturally accumulating 0.1% or more of their dry biomass as Pb
(1000 mg kg-1) (Raskin et al. 1997; Pilon-Smits 2005; Saifullah et al. 2009). Chemical analysis on foliage
of plants naturally growing in contaminated areas have shown a few possible Pb hyperaccumulators such
as Stellaria vestita, Sonchus asper, Festuca ovina, Arenaria rotumdifolia, Arabis alpinal Var parviflora,
Oxalis corymbosa, Eupatorium adenophorum, Crisium chlorolepis, Taraxacum mongolicum, and
Elsholtzia polisa (Yanqun et al. 2005). Different genera of Brassicaceae (mustard family), Asteraceae
(sunflower family), Celosia cristata pyramidalis (an ornamental plant), and Pelargonium (scented
geraniums) have also been identified as possible hyperaccumulators of Pb (Huang et al. 1997; Vara
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Prasad and de Oliveira Freitas 2003; Huang and Cunningham 2006). As optimal conditions for
phytoextraction require fast growing, high biomass plants, none of the currently identified Pbhyperaccumulators satisfy the requirements for optimal Pb-extraction (Huang et al. 1997; Vara Prasad and
de Oliveira Freitas 2003; Pilon-Smits 2005; Huang and Cunningham 2006; Evangelou et al. 2007). As an
alternative, the use of high biomass plants known to accumulate metals may be a possibility (Ernst 1996;
Ernst 2000).
With induced phytoextraction, plant growth and the condition of the rhizosphere may be
manipulated to improve Pb remediation (Chaney et al. 1997; Huang et al. 1997; Salt et al. 1998; Blaylock
et al. 1999; Blaylock 2000; Pilon-Smits 2005). Increased Pb mobility in the soil through the addition of
chelates and moderation of arbuscular mycorrhizal fungi (AMF) activity have been shown to affect the
extraction of Pb in various studies (Hovsepyan and Greipsson 2005; Wong et al. 2007; Usman and
Mohamed 2009; Punamiya et al. 2010; Perry et al. 2012).

2.1

Use of Chemical Chelates in Phytoextraction
Total Pb content of the soil does not necessarily indicate availability to plants and animals in the

environment (Sauvé et al. 1998). Lead (Pb) in the soil can be described as distributed in five fractions as
determined through a process of sequential extraction in the lab, with different relative mobilities as
shown in Table 1 (Zerbe et al. 1999; Rao et al. 2008). The more mobile the Pb (accessible and soluble),
the more available it is to organisms (Huang et al. 1997; Sauvé et al. 1998; Zerbe et al. 1999; Blaylock et
al. 1999; McGrath and Zhao 2003; Saifullah et al. 2009). Lead (Pb) in the soil is most often insoluble and
immobile in its common forms, with natural sources remaining in the residual form (F5) and
anthropogenic sources in the solid salt and oxide bound forms (F2 and F3) (Blaylock et al. 1999;
Filippelli et al. 2005; Deocampo et al. 2012). In order for Pb to become mobile in the soil, it must be
released into free form through addition of heat, oxidation, or change in pH (including digestion in
stomach acids) (Zerbe et al. 1999; Blaylock et al. 1999). All fractions are insoluble unless released and
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decrease in relative mobility as they increase in number (Table 1) (Zerbe et al. 1999; Blaylock et al.
1999).
Fraction

Description

Exchangeable
(F1)

Adsorbed
(adhered) to
solid soil particle
surfaces,
including clay
and organic
matter

Solid Salt
(F2)

Solid form
bound to
carbonates,
phosphates, or
sulphates

Reducible or
Oxide Bound
(F3)

Change

Source

pH change;
adsorption
equilibrium

(Zerbe et al.
1999; Elzinga
et al. 2001;
Rao et al.
2008;
Magrisso et al.
2009)

Pb-carbonate
(PbCO3) ; PbPhosphate
(Pb3(PO4)2);
Pb-sulfate
(PbS04)

decrease in pH

(Sauvé et al.
1998; Zerbe et
al. 1999; Rao
et al. 2008;
Yobouet et al.
2010; Debela
et al. 2010)

Adsorbed to iron
and manganese
oxides

Pb-MnO2; PbFeO2

redoxsensitive;
enzymatic
activity;
chelation; heat

(Zerbe et al.
1999; Shen et
al. 2002; Dong
et al. 2003;
Rao et al.
2008)

Oxidizable or
Organics
Bound (F4)

Bound to organic
matter

Tetraethyllead
((CH3CH2)4Pb);
Pb-sulfide
(PbS)

oxidation/
decomposition;
redox-sensitive

(Zerbe et al.
1999; Rao et
al. 2008;
Magrisso et al.
2009)

Residual (F5)

Bound into the
mineral crystal
lattice; Silicate
bound

Table 1.

Example
Forms

(Zerbe et al.
1999; Rao et
al. 2008)

Fractions assigned to the distribution of Pb in the soil as determined through sequential
extraction, with decreasing relative mobility (mobility of F1>F2>F3>F4>F5) (Zerbe et al.
1999; Rao et al. 2008).

Lead (Pb) added to soil through atmospheric precipitation is commonly bound to the topsoil
fraction containing iron (Fe) and manganese (Mn) oxides (F3) (Zerbe et al. 1999; Shen et al. 2002;
Deocampo et al. 2012). Chelation by organic or aminopolycarboxylic acids has been shown to reduce Pb
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in the oxide bound fraction (Zerbe et al. 1999; Shen et al. 2002). In addition, changes in pH such as the
addition of acids affect the Pb in the most easily mobilized fractions, the exchangeable (F1) and solid salt
(F2) fractions (Sauvé et al. 1998; Zerbe et al. 1999; Neugschwandtner et al. 2008; Jiang et al. 2012; Xie et
al. 2012). Chelation of metals by chemicals such as organic acids and aminopolycarboxylic acids has
shown to be an effective method for temporarily increasing metal mobility and is commonly used in
phytoextraction studies (Blaylock et al. 1997; Huang et al. 1997; Shen et al. 2002; Evangelou et al. 2007;
Kim and Lee 2010).
Application of a chelate to the soil is known to result in increased bioconcentration and
translocation of Pb from roots to shoots (Blaylock et al. 1997; Cooper et al. 1999; Evangelou et al. 2007).
Ethelynediaminetetraacetic acid (EDTA) and ethylenediamine-N,N'-disuccinic acid (EDDS) are
commonly used, effective chelates in Pb phytoextraction studies (Blaylock et al. 1997; Kos 2003; Luo et
al. 2006c; Elless et al. 2007). These compounds are ligands that are able to act as chelating agents,
grasping metals between two or more donor atoms, as seen in Figure 1 and Figure 2 (Brown and LeMay
1988).
Ethelynediaminetetraacetic Acid
(EDTA, C10H16N2O8)

Figure 1.

Molecular structures of EDTA binding to a metal ion (M) (Yikrazuul 2010).

Ethelynediaminetetraacetic acid (EDTA) is a synthetic, non-biodegradable chemical marketed
worldwide with many industrial, agricultural (fertilizers), and household applications (Oviedo and
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Rodríguez 2003; Evangelou et al. 2007). Ethelynediaminetetraacetic acid is synthesized through the
cyanomethylation of ethylene diamine with sodium cyanide and formaldehyde (Institute for Health and
Consumer Protection European Chemicals Bureau 2004). Sodium EDTA is an approved, commonly used
additive in food products for the prevention of oxidation (US Food and Drug Administration 2013) and in
chelation therapy for highly toxic BLLs above 450 µg dL-1 (Cao et al. 2014).
When applied to contaminated soil, EDTA acts to make soluble Pb-EDTA complexes which are
then more available for phytoextraction (Olson and Skogerboe 1975; Biggins and Harrison 1980; Wu et
al. 2003; Hovsepyan and Greipsson 2005; Ali et al. 2013). Translocation of the Pb from roots to shoots
occurs at a dramatically higher rate in soils treated with EDTA than in untreated soils (Huang et al. 1997;
Vassil et al. 1998; Epstein et al. 1999). The translocated Pb can then be harvested in plant’s foliage
(Vassil et al. 1998; Huang and Cunningham 2006).
The addition of chelates to the soil increases the phytoextractability of Pb in the soil, while also
potentially increasing the leaching and mobility of Pb within the soil column (Shen et al. 2002; Greipsson
et al. 2013). Numerous studies caution against use of EDTA for application in large-scale phytoextraction
due to potential leaching, prolonged phytotoxicity, and low potential for effective phytoextraction
(Oviedo and Rodríguez 2003; Luo et al. 2006c; Evangelou et al. 2007; Elless et al. 2007; Meers et al.
2009; Saifullah et al. 2009). EDTA is non-biodegradable and has been found to persist in the soil to at
least 3 years after application (Evangelou et al. 2007; Saifullah et al. 2009; Neugschwandtner et al. 2012).
Monitoring of metal leaching after treatment is necessary to prevent metal migration through the soil
profile and into the groundwater (Saifullah et al. 2009; Greipsson 2011a). Even with the potential for
leaching, many researchers still recommend the use of EDTA with careful monitoring and application
practices due to its high affinity for chelating Pb (Blaylock 2000; Wu et al. 2004; Shahid et al. 2014).
Another concern for the use of EDTA in field studies is phytotoxicity caused by treatment with
EDTA (Epstein et al. 1999; Hovsepyan and Greipsson 2005; Evangelou et al. 2007; Neugschwandtner et
al. 2012). Both increased Pb concentration in the plant combined with toxic free EDTA have been shown
to induce phytotoxic responses of wilting and necrosis in plants treated with EDTA (Vassil et al. 1998;
10

Cooper et al. 1999; Neugschwandtner et al. 2008). In addition, EDTA and EDTA-metal complexes are
known to inhibit the activity of arbuscular mycorrhizal fungi, in turn affecting the growth of the
associated plants (Grčman et al. 2001; Jarrah et al. 2014).
SS-ethylenediaminedisuccinic acid (EDDS) is a biodegradable chelating agent derived from
aspartic acid that is a structural isomer of EDTA (Schowanek et al. 1997; Tandy et al. 2006b). EDDS is
increasing in use over EDTA for commercial use, including detergents, as well as phytoextraction studies
due to its high biodegradability (Knepper 2003; Kos 2003; Luo et al. 2006c). EDDS is persistent in soil
for only a week to 30 days after application (Meers et al. 2005). In many cases, EDDS applications give
equal or better results for Pb-mobility in phytoextraction studies than those of EDTA (Grčman et al. 2001;
Kos 2003; Meers et al. 2005; Tandy et al. 2006a; Luo et al. 2006c; Elless et al. 2007; Cao et al. 2007;
Mohtadi et al. 2013). In addition, Luo et al. (2006b) found that combined application of EDTA and EDDS
resulted in increased uptake and translocation of Pb over that of EDTA alone.

Ethylenediamine-N,N'-disuccinic acid
(EDDS, C10H16N2O8)

Figure 2.

Molecular structures of EDDS binding to a metal ion (M) (Smokefoot 2013).
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2.2

Manipulation of Arbuscular Mycorrhizal Fungi (AMF) in Phytoextraction
When considering a strategy for phytoextraction, the presence of arbuscular mycorrhizal fungi

(AMF) in the rhizosphere must be considered. AMF are symbiotic, asexual organisms of the rhizosphere
which are dependent on vascular plants as their carbon sources, while providing the plants with nutrients
from the soil (mainly phosphorus), assistance with water absorption, and protection against root
pathogens (Harrison 1999; Greipsson et al. 2002; Harrison 2005; Greipsson and DiTommaso 2006; Smith
and Smith 2012). Around 80% of all known vascular plants have symbiotic associations with AMF in the
rhizosphere (Harrison 1999).
The AMF association helps to protect the host plant from toxicity from metal contaminants, such
as Pb, while at the same time preventing movement of much of the metal contaminants into the plant’s
vascular system (McGrath and Zhao 2003; Gonzalez-Chavez et al. 2004; Wong et al. 2007; Hildebrandt
et al. 2007). There are three main pathways known for AMF protection of plants under heavy metal
stress: 1) production of a hyphal protein coating, 2) possible storage of metals in vesicles, and 3)
regulation of plant genes to possibly aid in heavy metal tolerance and detoxification (Hildebrandt et al.
2007). In particular, AMF has been shown to limit the uptake of Pb by plant roots through the production
of an insoluble glycoprotein, glomalin, coating the outside of the hyphae (Hildebrandt et al. 2007). Pb is
sequestered in the glomalin on the hyphae in the soil, preventing its movement into the plant (GonzalezChavez et al. 2004; Khan 2005; Hildebrandt et al. 2007). Glomalin production by AMF increases in
response to stresses including increased soil salinity (Hammer and Rillig 2011). Manipulating the activity
of the AMF can increase the uptake of Pb by the plant (Hovsepyan and Greipsson 2004; Perry et al.
2012). For this purpose, the addition of a fungal suppressant, benomyl (C14H18N403), limits the AMF’s
regulating effects on the plant, therefore allowing uptake of Pb from soil and translocation into the shoot
(Paul et al. 1989; Hovsepyan and Greipsson 2004; Perry et al. 2012). The addition of benomyl should be
scheduled after plants have reached their optimal growth, allowing for the symbiotic relationship between
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plant and AMF to optimize plant biomass (Paul et al. 1989; Kahiluoto et al. 2000; Hovsepyan and
Greipsson 2004; Perry et al. 2012).

2.3

Iron (Fe) Supplementation in Phytoextraction
Plants grown under conditions with available Pb in the soil such as those in phytoextraction

studies tend to show signs of metal toxicity including chlorosis and necrosis (Perry et al. 2012; Lou et al.
2013). Chlorosis indicates a possible decreased concentration of Fe available for metabolic processes in
the plant (Antonovics et al. 1971). One potential cause of decreased Fe availability in the plants of
chelate-induced phytoextraction is the exclusion of Fe-chelates from root tissue, where Fe-chelates
remain in the soil rather than entering the roots (Tiffin et al. 1960; Vassil et al. 1998). Another potential
cause of decreased Fe availability is interference due to competition with other divalent cations
(Antonovics et al. 1971; Fageria et al. 1990; Dong et al. 2000; Vert et al. 2001; Dong et al. 2003).
Divalent cations such as Pb2+ have been shown to interfere with Fe2+ availability in metabolically
sensitive sites such as the iron transferring chain in the chloroplast, making them more prone to heavy
metal toxicity and reduced biomass (Antonovics et al. 1971; Fageria et al. 1990; Dong et al. 2000; Vert et
al. 2001; Dong et al. 2003). In addition, iron deficiency may result in increased Pb uptake, as Fe2+
deficiency of plants has been shown to stimulate high uptake of other divalent cations such as Cu 2+, Mn2+,
Cd2+ and Zn2+ (Cohen et al. 1998). The application of an Fe supplement to the soil or through foliar-Fe
application may counteract chlorosis, and has been suggested as a supplement for induced phytoextraction
of Pb (Meers and Tack 2004; Hovsepyan and Greipsson 2005).
It is the proposal of this research that a foliar or soil-Fe application in the form of a foliar salt
spray (FeSO4) may reduce the limitation of Fe to the foliage of plants by the Pb and the EDTA,
consequently increasing the biomass of the plant tissue and allowing increased phytoextraction
concentration of Pb from the soil.
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3.0 Optimizing Phytoextraction
In this study, three aspects of the plant environment were altered with treatments to potentially
increase movement of Pb from the soil to the plant roots and eventually to the shoot. These three aspects
were (1) arbuscular mycorrhizal fungi (AMF) activity suppression, (2) chelation of Pb in the soil, and (3)
foliar iron (Fe) treatment of the plant. The combined effects of the manipulations were tested in this study
to determine the most effective treatment for inducing phytoextraction of Pb from Pb-contaminated soils
using switchgrass (Panicum virgatum) and ryegrass (Lolium perenne). The main focus of this study was
to determine if application of Fe supplement will significantly increase the translocation of Pb from the
roots to the shoots compared to other treatments (i.e. chelate or AMF suppressant). The main hypothesis
is that the combined applications of an AMF suppressant, chelating agent, and Fe supplement will
increase Pb uptake and translocation to the shoots of the plants.
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MATERIALS AND METHODS
4.0 Chemically Induced Phytoextraction Using Switchgrass (Panicum virgatum) with Fungal
Suppressant, Chelate, and Foliar Iron Application
The overall objective of this study was to determine if treatment with a foliar-Fe supplement
combined with simultaneous suppression of AMF metal-binding activity by benomyl and chelation of
soil-bound Pb with EDTA and EDDS would significantly increase Pb phytoextraction by ryegrass
compared to the chemical amendments alone.

4.1

Site Description and Soil Collection
Indigenous AMF and topsoil was collected from an urban site referred to as a Neighborhood

Planning Unit (Deocampo et al. 2012) less than 1km from downtown Atlanta, Georgia, USA (Figure 3).
Soil type was Ultisol with high clay content and an average pH of 5.5. Roadside dust in the site area was
previously found to have a Pb concentration level of approximately 650-800 ppm, with a maximum tested
Pb concentration of 972 ppm, and a high association of Pb with Fe-Mn oxide phases (Deocampo et al.
2012) . The area is currently mixed residential, commercial, and industrial with a nearby scrap-metal
company and a major Interstate (I75). Apartments and other multi-family housing are located in the most
concentrated area of recent soil testing. Soil was collected from the first 10 cm of the topsoil where Pb has
been shown to be predominantly concentrated (Miller and Friedland 1994).
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Figure 3.

4.2

Site Location. Neighborhood Planning Unit area of interest is indicated with a black box. The
area of interest is mixed use, residential and light commercial, with area levels of Pb ranging
from 700 - 900ppm (Deocampo et al. 2012) . (Google Map Maker 2012)

Plant Species Selection
Switchgrass (Panicum virgatum v. Alamo), a C4 perennial grass native to North America

(Gleeson 2007), was used for this study. Switchgrass is adapted to a wide variety of climates, topography,
and soil conditions (Casler and Boe 2003; Parrish and Fike 2005). Switchgrass has low phytotoxicity to
Pb in soils making it suitable in studies involving Pb contaminated soils (Levy et al. 1999). As a
perennial, it may be harvested more than once in a growing period, for several years (Parrish and Fike
2005). Switchgrass is increasing in importance as a crop-plant used in phytoremediation projects (Gleeson
2007).
Two lowland varieties of P. virgatum are recommended for use in Georgia, the Kanlow (upper
Piedmont region) and Alamo (lower Piedmont and Coastal Plain regions) (Hancock 2012). These
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varieties have been bred to isolates with higher biomass yield respectively named EG 1102 (Kanlow) and
EG 1101 (Alamo) by Dr. Joe Bouton, emeritus professor of the University of Georgia (Hancock 2012).
Upon recommendation by Blade® Energy Crops (http://www.bladeenergy.com/switchproducts.aspx),
which provided seeds for a side study, Alamo variety EG 1101 was used for this study.

4.3

Plant Growth Conditions
The soil was not sterilized in order to maintain natural soil bacteria and the indigenous AMF

biota. Plant material and non-soil materials greater than 0.5 cm in size including rocks and foreign objects
were removed by hand from the contaminated topsoil. Topsoil collected was manually mixed by turning
and stirring on the day of collection for uniform Pb concentration throughout the soil.
Pots were filled with 750 mL of topsoil, 150 mL of soil containing the indigenous AM-fungi
(with about 25 cm indigenous grass root as inoculum), and 100 mL topsoil added as the final layer.
Average weight of total soil per pot was ~1200 g.
Approximately 25 seeds of P. virgatum were added immediately after soil preparation to each pot
at a depth of 0.25 to 0.75 cm for optimal germination and seedling growth (Parrish and Fike 2005). Plants
were grown under standard conditions in the Science Greenhouse on the campus of Kennesaw State
University in Kennesaw, Georgia, USA from February to June, 2013 (Figure 4), at an average
temperature of 22.9⁰C (30.6⁰C max, 15.6⁰C min). Pots were placed on wire-topped greenhouse benches
with individual plastic saucers under each pot to prevent soil loss and cross-contamination. Natural light
varied over time but not across treatments with the sun availability as per the greenhouse conditions and
supplemented with 14 hours of artificial fluorescent overhead light each day.
Plants were watered with 100 mL deionized water per pot twice weekly, with care taken to avoid
water percolating through to the saucers. Seedlings were thinned to 5 seedlings per pot at 4 weeks of
growth (28 days after planting; DAP). The longest leaf was measured twice per week. Temperature, soil
pH, and light intensity over the table area were recorded.
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Figure 4.

4.4

Joyce and Ira Pegues Science Greenhouse, Kennesaw State University, Kennesaw, Georgia.

Experimental Design
Eight treatments included four replicated pots each. Treatments were assigned to a total of 32 pots

arranged in a complete randomized design (Figure 5) (Montgomery et al. 2009). Each week pots were
rearranged with total randomization on the greenhouse benches.
The treatments with chemical applications were given EDTA, benomyl, or foliar iron in a
schedule as shown in Table 2. Treatments were as follows: (C) Control (untreated), (B) Benomyl (1
application), (E) EDTA (8 applications), (F) Foliar-Fe (3 applications), (BE) Benomyl (1 application) +
EDTA (8 applications), (BF) Benomyl (1 application) + Foliar-Fe (3 applications), (FE) Foliar-Fe (3
applications) + EDTA (8 applications), (BFE) Benomyl (1 application) + Foliar-Fe (3 applications)+
EDTA (8 applications).
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Plants were monitored weekly for the duration of the study for signs of interveinal chlorosis and
leaf yellowing and signs of Fe and other mineral nutrient deficiency (Fageria et al. 1990; Dobermann and
Fairhurst 2000). Plant shoots were handled minimally to limit tissue damage until plants showed early
signs of yellowing (chlorosis) of leaf tips at 82 DAP (~12 weeks). At 82 DAP the first treatment,
benomyl, was applied. Limited handling with the use of gloves was continued after treatment.
Chemicals were applied according to the schedule shown in Table 2.

Table 2.

Date

Days after
Planting
(DAP)

Treatment

1/28/2013

0

Planting

4/20/2013

82

Benomyl

20 mg kg-1 soil

4/30/2013

92

EDTA 1

0.1 mmol kg-1 soil

5/4/2013

96

EDTA 2

0.1 mmol kg-1 soil

5/8/2013

100

EDTA 3

1.0 mmol kg-1 soil

5/11/2013

103

Fe 1

25 mL of 20 mg L-1

5/14/2013

106

EDTA 4

1.0 mmol kg-1 soil

5/17/2013

109

Fe 2

25 mL of 20 mg L-1

5/20/2013

112

EDTA 5

1.0 mmol kg-1 soil

5/24/2013

116

Fe 3

25 mL of 20 mg L-1

5/26/2013

118

EDTA 6

1.0 mmol kg-1 soil

6/4/2013

127

EDTA 7

1.0 mmol kg-1 soil

6/12/2013

135

EDTA 8

1.0 mmol kg-1 soil

7/2/2013

155

Day of HARVEST

Dose

Treatment timeline. Application data, days after planting (DAP), treatments, and individual
chemical doses are given.
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Figure 5.

4.5

Pot arrangement at 66 days after planting (DAP). Pots were arranged in a complete
randomized design on a wire-mesh greenhouse bench.

Experimental Treatments
Foliar-Fe application was achieved using ferrous sulfate (iron (II) sulfate heptahydrate,

FeSO4·7H2O), available in dry form from Fisher Science Education (278.02 g mol-1 molecular weight).
Ferrous sulfate (25 mL of 20 mg L-1 water) was sprayed as a fine mist on the superior and inferior
surfaces of all leaves. An absorbent layer of paper towels was placed above the soil to minimized transfer
of iron to the soil (Figure 6).
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Figure 6.

Foliar Fe application. Soil was protected with a layer of paper towels to prevent droplets from
transferring to the soil. A fine mist of 25 mL of 20mg L-1 ferrous sulfate in water was sprayed
on all surfaces of the foliage including stalks, superior leaf surfaces, and inferior leaf
surfaces.

Benomyl (C14H18N4O3, Sigma®) was added to soil to down regulate AMF activity (Paul et al.
1989; Kahiluoto et al. 2000; Hovsepyan and Greipsson 2004; Zheljazkov and Astatkie 2011). Twenty
milligrams of benomyl powder kg−1 soil was vortexed with 100 mL deionized water and immediately
added to the surface of the treatment pots followed by an additional 100 mL of water. One cm of cleaned
quartz sand (~220 g) was added to the top surface of the pots 5 days after treatment with benomyl to
reduce weed growth and excessive water evaporation from the soil.
EDTA chelate (ethelynediaminetetraacetic acid, C10H16N2O8, Sigma®) was applied to the soil
surface in two single applications of 100 mL of 0.1 mmol kg-1 soil Na-EDTA solution for the first two
EDTA treatments. Six single applications of 100 mL of 1.0 mmol kg-1 soil Na-EDTA solution were
applied to the soil surface for the subsequent EDTA treatments.

21

4.6

Plant Growth and Health Monitoring
Plant growth was assessed by measuring the longest leaf of plants (cm) in each pot every three to

five days from planting to harvest. Foliage was monitored visually for signs of disease or stress, color
changes, and flowering.

4.7

Harvest
All plants were harvested when more than 50% of the pots contained one or more flowering

plants (155 DAP). Shoots were cut with a stainless steel knife at 1 cm above the soil surface. Plant roots
and soil were separated and the roots were rinsed in tap water to remove adherent soil particulates. Fresh
root and shoot biomass were weighed immediately. Shoot samples and half of the fresh root biomass
samples were dried in an oven at 65⁰C for 48 h, and dry biomass (DM) was recorded. Half of the fresh
root biomass was stored in 100 mL copolymer polypropylene digestion cup in a fridge at 5⁰C in 70%
ethanol (EtOH) for later staining for AMF.

4.8

Trypan Blue Staining Technique for AMF
Root specimens from each treatment were stained to observe AMF colonization in a modified

version of the commonly used Phillips and Hayman (1970) method identical to Perry et al. (2012). As in
the method of Phillips and Hayman (1970), preserved roots <1 mm in diameter were cleared for
cytoplasm and nuclei in a 10% KOH solution by heating in a waterbath at 90°C. The time for the bath
was reduced from 1 hour to 20 minutes as the roots were very delicate and cleared rapidly. Cleared roots
were rinsed five times with tap water and acidified with 20 to 50 mL 2.5% HCl for 30 min at room
temperature.
Roots were stained using a 0.05% Trypan blue solution of equal parts lactic acid, glycerol, and
water for 30 min at 90°C to allow for estimation of the total AMF root colonization (Phillips and Hayman
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1970). Roots were de-stained and stored in acidic glycerol (50 mL 1% HCl in 500 mL glycerol, diluted to
1000 mL with deionized water in a 5°C refrigerator.

4.9

AMF Colonization and Activity Assessment
Forty root segments (n=40) were selected randomly from each pot sample, cut to 5 mm in length

using a sterile scalpel blade, and arranged in groups of 20 segments of per slide (160 root segments per
treatment) as shown in Figure 7. Segments were observed under a bright field microscope at 200X and
400X magnifications to record the presence or absence of AMF structures (hyphae, arbuscules, and
vesicles). The percentage (%) of AMF root colonization was determined using the minimum 150 piece
root segment ± method, also known as the root piece method (Johnson-Green et al. 1995; Sun and Tang
2012).

Figure 7.

Preparation of microscope slides for AMF colonization assessment.
Forty 0.5 cm stained root segments in acidic glycerol were mounted for each treatment pot
and observed for AMF structures through light microscopy. Stained root pieces shown are a
subset of Benomyl+EDTA (BE) treatments.

4.10 Aqua Regia Acid Digestion of Plant Material
For analysis of elements in foliage and root, dried plant material was digested in a similar method
to the hot block method described by (Hovsepyan and Greipsson 2005). Digestion took place in an
Environmental Express Manual SC 150 HotBlock™ digester (http://www.envexp.com/products/223

Metals/MD-Metals_Digestions) with SC490 100 mL heat-resistant copolymer polypropylene digestion
cups.
Whole foliage and roots from each replicate were ground separately to 1 cm or less length in a
mini food processor for uniformity of tissue distribution. Samples were weighed to a maximum of 0.5 g
dry mass (DM). AquaRegia digestion was started by adding 10 mL 38% HCl and 10 mL 70% HNO 3 to
the dry tissue and leaving to sit at room temperature for 24 to 48 hours. Grinding to a fine mesh size was
determined to not be required by running side samples with both the original fine grinding method and
room temperature digestion. Both methods were determined to give equivalent results to α = 0.05 level.
Reflux polypropylene watchcaps were placed atop the cups. Using the HotBlock™ digester, the
tissue solution was heated just under boiling temperatures at ~95 ⁰C for approximately 50 min (Figure 8).
The digestate was then brought to approximately 100 mL with trace-metal grade distilled water (DI H2O)
and vacuum filtered using a porcelain Buchner funnel and clean Whatman No. 2 filter paper into clean
100 mL glass flasks. The filtrate was transferred to 50 mL Falcon™ centrifuge tubes for storage before
chemical analysis. The flask and funnel were cleaned with 6M HNO 3 and DI H2O between treatment
groups.
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Figure 8.

Hot Block digestion with 100 mL polypropylene digestion cups and reflux watchcaps.
Cups are shown in holder after being removed from hotblock after acid digestion.

4.11 Chemical Analysis
Samples were analyzed for element concentrations using either an Atomic Absorption
Spectrophotometer (AAS) or an Inductively Coupled Argon Plasma Spectrometer (ICP-AES). Topsoil
was sent to Georgia State University in Atlanta, Georgia, USA to be analyzed for Pb, Fe, and other
elements using AAS. Digested shoot and root samples were analyzed for Pb, Fe, Mn, and P using an
Inductively Coupled Argon Plasma Spectrometer (Vista model AX, Figure 9) in the Environmental Lab
of the Department of Geosciences at Georgia State University, Atlanta, Georgia, USA. Digested shoot
and root samples were analyzed for Zn using a flame Atomic Absorption Spectrophotometer (Varian
model SpectrAA 220, Figure 10) in the Chemistry Department at Kennesaw State University, Kennesaw,
Georgia, USA.
Concentrations for elements in the roots and shoots were calculated as mg kg -1 dry mass (DM) for
each pot in each treatment. Total Pb extracted was calculated as [(Concentration of Pb) * DM/1000] for
each pot in each treatment.
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Figure 9.

Vista AX ICP-AES, Inductively coupled plasma (argon) atomic emission spectroscopy,
Georgia State University, Geology Department, Atlanta, GA.
Switchgrass samples were analyzed for Pb, Mg, P, and Fe.

Figure 10.

Varian SpectrAA 220 Atomic Absorption Spectrometer with acetylene gas flame, Kennesaw
State University, Chemistry Department, Kennesaw, GA.
Samples were analyzed for Zn in switchgrass samples and Pb in ryegrass samples on the
SpectrAA 220.
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Calibration for ICP-AES was performed automatically by software. Calibration curves for AAS
analysis were created through use of standards for Pb of 0-200 mg L-1 and Zn of 0-150 mg L-1. The
dilution equation was used for creation of standards: C 1V1 = C2V2, with “C” as concentration and “V” as
volume. 0.01 M HNO3 was used in dilution of calibration standards. Samples with element readings
outside of the standard ranges were further diluted with 0.01 M HNO3 and run a second time with original
standards. All element readings were adjusted for original dilution factor of 200 (0.5 g tissue sample in
100 mL solution).
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4.12 Statistical Analysis
Plant growth data were analyzed and graphical reports were produced in MS Excel® (version
2010). Soil element data were analyzed for significant difference using one-way ANOVA with Fisher’s
Test for Least Significant Difference in Minitab® (version 17.1.0) (Minitab Inc. 2013) with statistical
significance accepted at 5% confidence level (α=0.05).
Analyses of tissue element and biomass data were performed in Minitab® (version 17.1.0)
(Minitab Inc. 2013). Individual treatment types (benomyl, EDTA, and foliar-Fe) were assigned indicator
variables in a categorical factorial design to determine effects of each treatment and potential interaction
effects (Table 3) and analyzed by General Linear Model (GLM). Grouped individual treatments (C, B, F,
E, BE, BF, FE, and BFE) were analyzed for significant difference using one-way Analysis of Variance
(ANOVA) with Fisher’s Test for Least Significant Difference (LSD). All tests were considered
significant at 5% confidence level (α=0.05).

Table 3.

Treatment

Benomyl

Foliar -Fe

EDTA

Control

0

0

0

Benomyl

1

0

0

Foliar-Fe

0

1

0

EDTA

0

0

1

Benomyl + EDTA

1

0

1

Benomyl + Foliar-Fe

1

1

0

Foliar-Fe + EDTA

0

1

1

Benomyl + Foliar-Fe + EDTA

1

1

1

Indicator variable assignment for General Linear Model (GLM) analysis.
Treatments were assigned binary variables according to presence of benomyl, foliar-Fe, or
EDTA in the treatment application.
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4.13 Remediation Efficiency Calculations
Efficiency of phytoextraction of Pb from the soil may be measured by the biomass produced by
the plant (DM) and by the amount of Pb removed from the soil to the harvestable plant material (foliage),
defined here as Pb bioconcentration factor (Pb-BCF), represented as the ratio of Pb concentration (mg
kg−1) of the harvestable plant material (DM foliage) to Pb concentration of the media (mg kg−1) (McGrath
and Zhao 2003; Sun et al. 2009). Bioconcentration factor is sometimes referred to in literature as
bioaccumulation factor (BAF or BF) (Sun et al. 2009), though BCF is typically used for accumulation of
metals only through the soil or water, while BAF may come through either the environment or food
(McGeer et al. 2003). Plants considered suitable for phytoextraction have a BCF > 1.0 (Sun et al. 2009).

Translocation factor (TF) is a measure of the partitioning of the metal to the shoots and is used to
assess the degree of metal translocation from roots to harvestable shoot material (Chen et al. 2004; Luo et
al. 2006b; Ho et al. 2008; Bao et al. 2009; Perry et al. 2012). The TF is calculated by taking the ratio of
metal concentrated in the shoots to the metal in the roots.

5.0 Phytoextraction using Ryegrass (Lolium perenne) with Fungal Suppressant, Combined
Chelates, and Soil Media Fe Treatment (Comparative Study)

The overall objective of this study was to determine if addition of a soil media Fe supplement
combined with simultaneous suppression of AMF metal-binding activity by benomyl and chelation
of soil-bound Pb with EDTA and EDDS would significantly increase Pb phytoextraction by ryegrass
compared to the chemical amendments alone.
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5.1

Soil and Plant Selection
Topsoil for this study was collected from a site close to an active smelter in Troy, Alabama, USA.

The smelter facility began operation about 40 years ago smelting Pb-containing scrap metals to produce
refined Pb alloys. The specific site was located approximately 200 meters from the smelter. The soil
surrounding the smelter site was extremely acidic (pH 3.7) with a Pb level of 200 mg kg-1 (Perry et al.
2012; Greipsson et al. 2013).
Ryegrass (Lolium perenne) was chosen as a model system for the study due to its rapid growth,
tolerance of various environments, soil types and its common use in phytoremediation studies (Arienzo et
al. 2004; Vandenhove and Van Hees 2004; Duo et al. 2005). Fungicide-free ryegrass (Lolium perenne)
seeds were purchased from Pike’s Nursery, Atlanta, Georgia, USA.

5.2

Plant Growth Conditions
Pots were filled with 600 mL of Pb contaminated soil (552 g) and seeded on the soil surface.

Seedlings were grown in an environmental chamber at an average temperature of 22.8⁰C (32.8⁰C max,
15.6⁰C min), 23% average relative humidity, with natural daylight through a window, supplemented by
cool-white fluorescent light (5,850 Lux) for 16 hours. Plants were given 100 mL deionized water twice
weekly for the duration of the experiment. Plastic saucers were placed beneath each pot to prevent crosscontamination during watering. After germination, seedlings were thinned to 10 seedlings per pot.

5.3

Experimental Design
At 56 DAP, plants were subjected to the following treatments: (1) Control (C), (2) Benomyl (B),

(3) EDTA (E), (4) EDTA+EDDS (EE), (5) EDTA+EDDS+Benomyl (EEB), and
(6) EDTA+EDDS+Benomyl+Fe (EEBF). Each treatment included five replicated pots arranged in a
complete randomized block design (Montgomery et al. 2009). Each treatment was applied as a single 100
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mL treatment of either deionized water or chemical treatment. EDTA was applied as a 1.0 mM Na-EDTA
solution (Treatments 3, 4, 5, and 6). EDDS was applied as a 1.0 mM Na-EDTA solution (Treatments 4, 5,
and 6). Twenty milligrams of benomyl powder (C 14H18N4O3, Sigma ®) kg−1 soil were applied directly to
the soil surface followed by 100 mL of 1.0 mM EDTA + 1.0 mM EDDS solution (Treatments 4, 5, and
6). 25 mg Iron (II) Sulfate Heptahydrate (FeSO 4·7H2O, Fisher Science Education) was added with 100
mL of 1.0 mM EDTA + 1.0 mM EDDS solution for treatment 6.
Plants were harvested once signs of phytotoxicity (i.e., leaf chlorosis or necrosis) became
apparent approximately 84 DAP. Plant roots and leaves were separated and the roots were rinsed in tap
water to remove adherent soil particulates.

5.4

Analysis of Foliage Pb Content
Ryegrass foliage samples were analyzed for Pb content as follows. Leaf tissue was digested by

AquaRegia Hotblock digestion as described in Section 4.10, using the amended 24-hour room
temperature step. Digested samples were filtered by vacuum filtration. Filtrate was then analyzed for Pb
content using an Atomic Absorption Spectrometer (Vivian SpectrAA 220 AAS) at Kennesaw State
University as described in Section 4.11.
Element data were analyzed for significant difference using one-way ANOVA with Fisher’s Test
for Least Significant Difference in Minitab® (version 17.1.0) (Minitab Inc. 2013) with statistical
significance accepted at the 5% confidence level (α=0.05).
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RESULTS
6.0 SWITCHGRASS: Chemically Induced Phytoextraction Using Switchgrass (Panicum virgatum)
with Fungal Suppressant, Chelate, and Foliar Fe
6.1

Soil Analysis
Average soil pH at day of planting (0 DAP) was 5.5 and remained constant in the Control

(deionized water only) treatment soils until day of harvest (155 DAP). At harvest, soil pH varied
significantly among individual treatment combinations; especially between soils treated with EDTA and
soils that did not receive EDTA (p <0.001) (Figure 11). Soils treated with EDTA (E, BE, FE, and BFE)
had significantly higher average pH (6.9) at harvest compared to soils that did not receive EDTA
(Control, B, F, and BF) (Figure 11). Soils without EDTA remained at an average pH of 5.5 (p<0.001)
(Figure 11). Large range was found in average soil pH; with soils not treated with EDTA averaging 5.5,

Soil pH

and soils receiving EDTA with averages between 6.7 (FE) to 7.1 (BE) (Figure 11).
8
7
6
5
4
3
2
1
0

a
b

b

a
b

a

a

b

Treatment

Figure 11.

Average soil pH (±SD) for all individual treatment combinations of Panicum virgatum at
harvest. Means for columns having the same letter and background color between treatments
were not significantly different (α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Soil was analyzed for elemental composition and found to be higher in many metals than 2013
USGS baseline values for soils in the conterminous United States (Table 4) (Smith et al. 2013). The
average lead (Pb) level (76 mg kg−1) of the soil used in this study was found to be 241% higher than the
USGS baseline Pb level (Smith et al. 2013). Other elements with elevated values above the baseline were
cobalt (Co) (290% above), manganese (Mn) (95% above), iron (Fe) (165% above), and aluminium (Al)
(102% above). Zinc (Zn) was 68% above baseline, and copper (Cu) was double the USGS baseline (109%
above), but neither were outside of one standard deviation from the average. Values of three elements
were below 2013 USGS baseline values; phosphorus (P) (42% below) and chromium (Cr) (53% below)
were about half of the USGS baseline, and calcium (Ca) was a small fraction of the baseline (109%
below), but none were outside of one standard deviation from the average.

Element

Unit

2013 USGS Baseline
Conterminous US
A Horizon, 0-25 cm; (±SD)
(Smith et al. 2013)

Ca

1.61 (±2.76)

mg kg

-1

9.1 (±8.2)

mg kg

-1

19.9 (±75.5)

mg kg

-1

22.2 (±46.6)

mg kg

-1

64 (±60)

mg kg

-1

632 (±466)

mg kg

-1

37 (±89)

Mn

mg kg

-1

622 (±564)

Fe

%

Al

%

Co
Cu
Pb
Zn
P
Cr

Table 4.

%

Elemental Analysis
Value

0.1

% Change

(94%)

35.5 *

290%

41.5

109%

75.75 *

241%

107.5

68%

365

(42%)

17.25

(53%)

2.19 (±1.46)

1212.5 *
5.8 *

165%

4.65 (±2.15)

9.4 *

102%

95%

Elemental analysis of Ultisol soil samples collected in Atlanta, GA, USA.
Values labelled with * fall outside of one standard deviation (SD) for 2013 USGS baseline
values. Percentage (%) change in parentheses indicates a decrease in element value below the
2013 USGS baseline value.
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6.2

Plant Health and Growth Analysis
Plant health was monitored from day of planting (DAP) to day of harvest (155 DAP), with plants

generally showing vigorous growth and no major signs of adverse health. Minor occurrence of adverse
plant health was expressed as leaf tip yellowing and interveinal chlorosis, with both expressed in less than
25% of the leaves at harvest. All pots exhibited at least one plant with yellowing by 100 DAP. Interveinal
chlorosis was evident at 128 DAP and remained constant until day of harvest at 155 DAP (Table 5).
However, leaf tip yellowing (p=0.611) and interveinal chlorosis (p=0.550) did not vary significantly
among treatments at harvest. Evidence of interveinal chlorosis did not vary significantly among
treatments, ranging from only one out of four pots for the E plants to all four pots for the B and FE plants.
The number of interveinal chlorotic leaves per pot were low and not significantly different among
treatments (Table 5) and ranged from 0 in EDTA-alone to 10 in one pot of Benomyl+Foliar-Fe (average
of 40 leaves per pot) (p=0.550).

a)

b)
Treatment

Chlorotic Leaf Count (± SD)

Control (C)

2.00 (± 2.45)

Benomyl (B)

1.75 (± 0.957)

EDTA (E)

0.25 (± 0.5)

Foliar-Fe (F)

0.75 (± 0.5)

BE

1.75 (± 2.87)

BF

3.50 (± 4.73)

FE

2.25 (± 0.957)

BFE

0.75 (± 0.957)

Table 5.

Interveinal chlorosis visible on leaves of Panicum virgatum as: a) average leaf count per
treatment pot (±SD) at harvest and b) image of interveinal chlorosis showing intermittent
dark and light veins. Average of 40 leaves per pot. No significant difference between
treatments (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Plant growth was recorded as maximum leaf length. No significant difference was found for
maximum leaf length among individual treatment combinations throughout the study (p=0.805).
Maximum leaf-length grew linearly until 100 to 120 DAP, at which time growth leveled off for plants in
all treatments (Figure 12 and Figure 13). Plants reached maximum height by approximately 140 DAP
(Figure 12). All treatments were completed before plants ceased to increase in length (Figure 13). At
harvest (155 DAP), plants in different treatments ranged in average maximum leaf length from the lowest
value of 113.4 cm (E plants) to the highest value of 122.3 cm (Control plants) (Table 3).

Table 6.

Treatment

Maximum Leaf Length (± SD)

Control (C)

122.13 (±12.28)

Benomyl (B)

116.50 (±6.94)

EDTA (E)

113.38 (±3.54)

Foliar-Fe (F)

118.00 (±3.49)

BE

116.63 (±5.07)

BF

122.31 (±5.63)

FE

119.13 (±7.05)

BFE

118.25 (±14.29)

Average values for maximum leaf length (±SD) of Panicum virgatum for all treatments at
155 DAP (harvest). No significant difference between treatments (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Figure 12.

Average length of longest leaf of all plants in all treatments of Panicum virgatum from 82
DAP to harvest (155 DAP). Treatment start dates are marked on the x-axis.
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Figure 13.

Average length of longest leaf in all treatments of Panicum virgatum plants from 82 DAP to
day of harvest (155 DAP).
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6.2.1

Dry Biomass
Total dry biomass (DM) varied significantly among plants in individual treatments (p=0.005),

with EDTA having a significant effect on total biomass (Table 7 and Figure 14). Average total DM for
the plants treated with EDTA (E, BE, FE, and BFE) was 20.49 g; this value was 17% higher than for the
Control plants (17.58 g). Total dry biomass measurements were highest for the E (21.28 g), BF (20.96 g),
and FE (20.98 g) plants (Figure 14). Plants in the treatment combinations containing both benomyl and
EDTA (BE and BFE) were only significantly different in total biomass from the Control plants (17.58 g)
and not the other plants, with total biomass of 20.15 g and 19.55 g, respectively (Figure 14). Plants treated
only with benomyl (B) (18.78 g) or foliar-Fe (F) (18.88 g) were not significantly different in total biomass
than the Control plants (Figure 14).
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Source

Total Biomass

DF

F-Value
Benomyl (B)

1

Foliar-Fe (F)
EDTA (E)

Shoot Biomass

P-Value

F-Value

Root Biomass

P-Value

F-Value

P-Value

1.65

0.212

0.01

0.917

0.08

0.777

1

1.91

0.180

0.01

0.909

0.02

0.889

1

15.47

0.001 **

5.54

0.027 *

0.01

0.934

B*Fe

1

0.47

0.502

0.09

0.768

2.88

0.103

B*EDTA

1

3.31

0.082

1.16

0.292

0.30

0.588

Fe*EDTA

1

1.56

0.225

0.82

0.374

1.03

0.320

B*Fe*EDTA

1

0.44

0.514

<0.01

0.992

2.99

0.097

Error

23

Table 7.

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on plant total dry biomass, shoot dry biomass, and root dry biomass.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.
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Total Dry Biomass (g)

20

a
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bc

ab

a

a
ab

c

15
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Treatment

Figure 14.

Average total dry biomass (±SD) for all individual treatment combinations of Panicum
virgatum at harvest. Means for columns having the same letter and background color between
treatments were not significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Dry biomass (DM) of the shoots was significantly affected by treatment with EDTA (Table 7),
but did not vary significantly among individual treatment combinations (p=0.252) (Figure 15). Plants in
treatments with EDTA (E, BE, FE, and BFE) averaged 12.91 g; this value was 9.2% higher than the
Control plants average (11.82 g). The highest average shoot biomass was found for E plants, with an
average of 14.27 g of Pb; this value was 20.7% higher than for the Control plants. Root DM did not vary
significantly among treatments (Table 7) or among individual treatment combinations (p=0.161) (Figure
15). Average dry biomass (DM) for the roots was 7.53 g (Figure 15).

b)
20
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18

18

16

16

Root Dry Biomass (g)

Shoot Dry Biomass (g)

a)

14
12
10
8
6
4

14
12
10

8
6
4

2

2

0

0

Treatment

Figure 15.

Treatment

Average total dry biomass (±SD) for a) shoots and b) roots for all individual treatment
combinations of Panicum virgatum at harvest. No significant difference among treatment
means for both roots and shoots (α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.3

Arbuscular Mycorrhizal Fungi Colonization
Arbuscular mycorrhizal fungi (AMF) colonized roots of all plants, and formed hyphae,

arbuscules, and vesicles (Figure 16). Arbuscular mycorrhizal fungi (AMF) root colonization varied
significantly among individual treatment combinations as marked by the presence of hyphae (p=0.035),
arbuscules (p<0.001), and vesicles (p=0.002) (Table 8 and Figure 17). Treatment with EDTA
significantly affected the presence of hyphae and arbuscules, while having no significant effect on
presence of vesicles (Table 8). Benomyl treatment only had a significant effect on presence of arbuscules
(Table 8). Foliar-Fe treatment did not have any direct significant effect on colonization of AMF, though
interactive effects were seen in arbuscule presence with combined treatment with EDTA or benomyl
(Table 8 and Figure 17).
Hyphae presence was significantly affected by the addition of EDTA, while an interactive affect
by the combination of benomyl and EDTA tempered the affect (Table 8 and Figure 17). Hyphae presence
was significantly reduced in the roots of the E plants (72%) below those of the Control plants (94%)
(Figure 17). The F (96%), BF (97%), FE (93%), and BFE (97%) plants were not significantly different for
hyphae presence than the Control and E plants (Figure 17). Hyphae presence in the B (83%) and BE
(87%) plants did not vary significantly from the Control plants (Figure 17).
Arbuscule presence in roots was significantly affected by treatment with benomyl or EDTA, with
interaction effects by all treatments (Table 8 and Figure 17). Arbuscule presence was reduced in the roots
of the E (35%) and B (57%) plants, below presence in plants in other treatment combinations.
Conversely, BE plants had higher average arbuscule presence (76%) than the E and B plants. Highest
arbuscule presence was found in BF plants (96%), though not significantly higher than the Control plants
(86.87%). The other foliar-Fe treatments, F (88%), FE (86%), and BFE (92%), were also not significantly
different in arbuscule presence from the Control plants.
Vesicle presence in the roots varied significantly among individual treatment combinations
(p=0.002) (Figure 17). A significant interactive effect was seen by the combined treatment with benomyl
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and EDTA, though no individual effects of the treatments were seen (Table 8). The highest vesicle
presence was found in the BE (63%) and BFE (74%) plants, with more than a 50% increase in presence of
vesicles over that of the Control plants (Figure 17). Vesicle presence was lowest in the B plants (16%),
though not significantly different from the E (30%), FE (34%), or Control (36%) plants. Vesicle presence
for F plants (50 %) and BF plants (51%) were significantly higher than the B plants (16%), but did not
vary significantly from the Control plants (36%).

Figure 16.

Longitudinal view of cleared Panicum virgatum root stained with trypan blue and viewed at
400x magnification, with visible vascular bundle (vb) and cortical cells (c). Arbuscular
mycorrhizal fungi (AMF) present with vesicles visible in dark blue (V), and hyphae (H) and
arbuscules (A) visible in a lighter blue.

42

Source

Hyphae

DF

F-Value

Arbuscules

P-Value

F-Value

Vesicles

P-Value

F-Value

P-Value

Benomyl (B)

1

2.38

0.136

11.35

0.003 **

2.67

0.115

Foliar-Fe (F)

1

0.03

0.872

<0.01

0.945

1.50

0.232

EDTA (E)

1

8.54

0.007 **

33.94

0.000 ***

0.26

0.614

B*Fe

1

1.45

0.240

9.47

0.005 **

1.17

0.290

B*EDTA

1

6.09

0.021 *

32.01

0.000 ***

9.20

0.006 **

Fe*EDTA

1

3.37

0.079

15.76

0.001 **

0.42

0.522

B*Fe*EDTA

1

2.51

0.127

17.15

0.000 ***

0.21

0.650

Error

24

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on the presence of arbuscular mycorrhizal fungi hyphae, arbuscules, and vesicles
in the roots of Panicum virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.

Root Colonization (%)

Table 8.
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Figure 17.

Arbuscular mycorrhizal fungi (AMF) root colonization of switchgrass (Panicum virgatum).
Percent (%) of 160 root segments per treatment colonized by hyphae, arbuscules, and vesicles
for all treatments. Means for columns having the same letter and background color between
treatments were not significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.3.1

Indirect AMF Activity Assessment: Phosphorus
Phosphorus (P) translocation factor (TF), the ratio of P concentration in shoots to roots, was

significantly reduced by treatment of the plants with foliar-Fe or EDTA, though an interactive effect of
foliar-Fe and EDTA tempered the reduction in combination treatments (Table 9 and Figure 18).
Phosphorus (P) TF varied significantly among individual treatment combinations (p=0.049) (Figure 18).
The highest P-TF was found in the Control plants (1.07), though it did not differ significantly from the B
(1.05), BF (0.97), FE (0.83), and BFE (0.85) plants. Phosphorus TF was significantly lower in E plants
(0.74) and F plants (0.78) than Control plants, though the P-TF values of E and F plants were not
significantly different from the other plants (E, BF, FE, and BFE). Plants in the BE treatment combination
had significantly lower P-TF (0.70) than Control, B, and BF plants (Figure 18). However, BE plants did
not differ significantly in P-TF from plants in the other plants (E, F, FE, and BFE) (Figure 18).
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Shoot P
Concentration

P-TF

Table 9.

F-Value

P-Value

F-Value

P-Value

Root P
Concentration

Source

DF

Benomyl (B)

1

0.01

0.930

Foliar-Fe (F)

1

4.63

EDTA (E)

1

6.30

B*Fe

1

1.22

0.281

0.79

0.382

0.09

0.762

B*EDTA

1

0.01

0.911

0.05

0.826

0.12

0.735

Fe*EDTA

1

4.50

0.045 *

0.24

0.632

9.07

0.006

B*Fe*EDTA

1

0.34

0.566

1.84

0.187

2.19

0.153

Error

23

0.64

0.431

0.042 *

3.56

0.071

0.020 *

12.17

0.002 **

F-Value

P-Value

0.42

0.521

0.39

0.541

31.96

0.000 ***

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on phosphorus translocation factor (P-TF), shoot phosphorus concentration (mg
kg-1), and root phosphorus concentration (mg kg-1) in plants of Panicum virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 18.

Phosphorus (P) translocation factor (TF) (±SD) as ratio of concentration of P in shoots to
roots of switchgrass (Panicum virgatum). Means for columns having the same letter and
background color between treatments were not significantly different (LSD α = 0.05)
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Roots had significantly higher phosphorus (P) concentration than the shoots (p=0.009) (Figure
19). Phosphorus (P) concentration was 18% lower in the shoots, at an average of 1015.3 mg kg-1 in the
shoots and 1233.9 mg kg-1 in the roots.
Treatment with EDTA had a significant positive effect on shoot P concentration (Table 9), and
varied significantly among individual treatment combinations (p<0.001) (Figure 19). Plants treated with
EDTA (E, BE, FE, and BFE) had a 24% higher P concentration in the shoots at an average of 1175.6 mg
kg-1 compared to the Control plants (945.0 mg kg-1) (Table 9). Concentration of P in the shoots was
significantly higher in the E (1250.0 mg kg-1), BE (1152.5 mg kg-1), and BFE (1275.0 mg kg-1) plants than
the Control plants; the P concentration average in the shoots of the E plants was 32% higher than for the
Control plants (p=0.002) (Figure 19). Plants treated with FE combination were the only EDTA plants
with P concentration in the shoots that was not significantly different from the Control plants (1025.0 mg
kg-1).
As in the shoots, average phosphorus (P) concentration in the roots was significantly affected by
treatment with EDTA (Table 9), and varied significantly among individual treatment combinations
(p<0.001) (Figure 19). Plants in EDTA treatments (E, BE, FE, and BFE) averaged 64% higher in P
concentration (1531.9 mg kg-1) than the Control plants (933.0 mg kg-1) (Figure 19). Roots in
E (1700.0 mg kg-1), BE (1625.0 mg kg-1), and BFE (1525.0 mg kg-1) plants had the highest average P
concentration. The E plants had the highest root P concentration; this value showed 82% increase in
concentration above the Control plants (p<0.001) (Figure 19). Average P concentrations in plants in the
Foliar-Fe (F) (1017.5 mg kg-1) and FE (1227.5 mg kg-1) treatments were significantly higher than the
Control plants, though lower than the plants in the other treatments with EDTA (E, BE, FE, and BFE);
plants in the FE treatment averaged 28% lower P root concentration than for E plants, and 32 % higher
than the Control plants (Figure 19).
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Average phosphorus (P) concentration (±SD) in a) shoots and b) roots of Panicum virgatum.
Means for columns having the same letter and background color between treatments were not
significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.3.2

Indirect AMF Activity Assessment: Zinc
Zinc (Zn) translocation factor (TF), the ratio of Zn concentration in shoots to roots, did not vary

significantly among treatments, with an average Zn-TF of 0.91 (p=0.109) (Table 10 and Figure 20).
Average Zn-TF ranged from a low of 0.70 in E plants to a high of 1.17 in F plants, though the means were
not significantly different from the other plants, nor for any of the treatment categories (EDTA, foliar-Fe,
and benomyl) (Table 10 and Figure 20).
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Shoot Zn
Concentration

Zn-TF

Table 10.

F-Value

P-Value

F-Value

P-Value

Root Zn
Concentration

Source

DF

F-Value

P-Value

Benomyl (B)

1

0.03

0.868

0.74

0.400

0.98

0.332

Foliar-Fe (F)

1

3.38

0.079

0.21

0.653

6.80

0.016 *

EDTA (E)

1

0.31

0.586

2.18

0.152

0.64

0.433

B*Fe

1

0.68

0.417

0.94

0.341

0.29

0.598

B*EDTA

1

0.04

0.838

0.01

0.938

0.02

0.883

Fe*EDTA

1

<0.01

0.982

0.17

0.680

<0.01

0.978

B*Fe*EDTA

1

0.31

0.580

1.70

0.204

0.13

0.720

Error

23

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on zinc translocation factor (Zn-TF), shoot zinc concentration (mg kg-1), and root
zinc concentration (mg kg-1) in plants of Panicum virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.
1.6
1.4
1.2
Zinc TF

1

0.8
0.6
0.4

0.2
0

Treatment

Figure 20.

Zinc (Zn) translocation factor (TF) (±SD) as ratio of concentration of Zn in shoots to roots of
switchgrass (Panicum virgatum). Means for columns having the same letter and background
color between treatments were not significantly different (α=0.05)
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Zinc (Zn) was significantly more concentrated in the roots than the shoots (p=0.047) (Figure 21).
Average Zn concentration was 15 % lower in the shoots, at 55.88 mg kg-1 in the shoots and 65.60 mg kg-1
in the roots.
Zinc (Zn) concentration did not vary significantly among treatments (EDTA, foliar-Fe, and
benomyl), nor among individual treatment combinations in the shoots (p=0.074) (Table 10 and Figure
20). Zinc (Zn) concentration in the shoots for all plants averaged 55.88 mg kg-1 (Figure 21).
Conversely, Zn concentration in the roots varied significantly among individual treatment
combinations (p=0.012), and was significantly affected by treatment with foliar-Fe (Table 10 and Figure
21). Control plants had the highest average root Zn concentration (95.70 mg kg-1). Average Zn
concentration in roots for all plants treated with foliar-Fe (51.24 mg kg-1) was 47% lower than the Control
plants. The Control plants did not vary significantly in root Zn concentration from the B (81.20 mg kg-1),
E (84.00 mg kg-1), and BE (66.53 mg kg-1) plants. The lowest average root Zn concentration was found in
the FE plants (45.26 mg kg-1) with a 53% decrease in root concentration below the Control plants
(p=0.002). Concentration of Zn in the roots of FE plants did not vary significantly from BE plants, or
from the other foliar-Fe treatments: F (57.51 mg kg-1), BF (53.67 mg kg-1), and BFE (48.52 mg kg-1)
(Figure 21).
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Average zinc (Zn) concentration (±SD) in a) shoots, and b) roots of Panicum virgatum.
Means for columns having the same letter and background color between treatments were not
significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.4

Pb Phytoextraction
Average total extracted Pb (combined shoot and root extracted Pb) by switchgrass varied

significantly among individual treatment combinations (p=0.001) (Figure 22). Treatment with EDTA had
a significant positive effect on total extracted Pb in plants (Table 11). Plants treated with EDTA (E, BE,
FE, and BFE) averaged 0.86 mg (Table 11), a 102% increase in total extracted Pb above the Control
plants (0.43 mg) (Figure 22). The highest total extracted Pb was in the E plants (1.03 mg), an average
increase of 141% for extracted Pb above that of the Control plants. EDTA (E), BE (0.90 mg), and BFE
(0.86 mg) plants were all significantly higher in total extracted Pb than Control plants (Figure 22). The
only plants treated with EDTA not significantly higher in extracted Pb than Control plants were the FE
plants (0.66 mg) (Figure 22). Foliar-Fe (F) plants had the lowest average total extracted Pb (0.28 mg),
significantly lower than all plants treated with EDTA, though not significantly different from BF
(0.32 mg), B (0.54 mg), and Control plants (Figure 22).
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Total Pb Extracted

Shoot Pb Extracted

Root Pb Extracted

DF

F-Value

F-Value

F-Value

Benomyl (B)

1

0.40

0.533

1.42

0.245

0.09

0.768

Foliar-Fe (F)

1

0.62

0.439

0.94

0.341

1.19

0.286

EDTA (E)

1

10.78

0.003 **

6.12

0.021 *

7.50

0.012 *

B*Fe

1

0.11

0.746

3.14

0.089

0.01

0.932

B*EDTA

1

0.96

0.338

4.09

0.054

0.27

0.606

Fe*EDTA

1

0.84

0.368

3.87

0.061

0.22

0.642

B*Fe*EDTA

1

1.40

0.249

4.46

0.045 *

0.54

0.472

Error

23

Source

Table 11.

P-Value

P-Value

P-Value

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on total lead (Pb) extracted (g), shoot Pb extracted (g), and root Pb extracted (g)
by plants of Panicum virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01, ***
p < 0.001.
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Figure 22.

Average total phytoextracted lead (Pb) (±SD) Panicum virgatum for all individual treatment
combinations of Panicum virgatum. Means for columns having the same letter and
background color between treatments were not significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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Phytoextracted lead (Pb) varied significantly from roots to shoots (p<0.001), with less extracted
Pb in the shoots than in the roots (Figure 23). Average extracted Pb in the shoots was 0.16 mg; this value
was 67% less than in the roots (0.48 mg) (Figure 23).
In the shoots, treatment with EDTA had a significant positive effect on extracted Pb (Table 11),
though shoot extracted Pb did not vary significantly among treatments (p=0.245) (Figure 23). Shoot
extracted Pb averaged 0.16 mg for all treatments and accounted for 0.0013% of the plants’ total shoot
biomass. Average shoot extracted Pb for all EDTA treatments (0.17 mg) was 28% higher than the Control
plants (0.13 mg) (Figure 23). The highest average extracted Pb was found in E plants (0.21 mg), with
59% higher extracted Pb than the Control (0.82 mg) plants, but this value was not significantly different
from all the treatments.
Root extracted Pb varied significantly among individual treatment combinations (p=0.002), with
a significant positive effect by treatment with EDTA (Table 11 and Figure 23). The Control plants ranged
from 0.14 mg to 0.66 mg extracted Pb in the roots, resulting in a high standard deviation for the Control
plants (±0.3 mg) (Figure 23). Plants treated with EDTA (E, BE, FE, and BFE) averaged 0.69 mg
extracted Pb in the roots, 117% higher than the Control plants (0.32 mg) (Table 11). Average extracted Pb
in roots of E (0.82 mg), BE (0.75 mg), and BFE (0.70 mg) plants was significantly higher than the
Control plants (Figure 23). The only plants treated with EDTA that were not significantly higher in root
extracted Pb than the Control plants for were the FE plants (0.50 mg) (Figure 23). The lowest average Pb
extracted by roots were in the F (0.12 mg) and BF (0.19 mg) plants, though not significantly lower than
the Control and B (0.37 mg) plants (Figure 23).
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Figure 23.
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Average phytoextracted lead (Pb) (±SD) for a) shoots and b) roots of Panicum virgatum at
harvest. Means for columns having the same letter and background color between treatments
were not significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).

55

6.4.1

Pb Translocation
Lead translocation factor (Pb-TF), or the ratio of Pb concentration in shoots to roots, varied

significantly among individual treatment combinations (p=0.031), with a significant positive effect by
treatment with foliar-Fe (Table 12 and Figure 24). Plants treated with foliar-Fe (F, BF, FE, and BFE)
averaged a Pb-TF of 0.45, 25% higher than the Control plants (0.36) (Figure 24). Lead translocation
factor (Pb-TF) was significantly higher for F plants (0.90); this value was 147% higher than the Pb-TF for
the Control plants (0.36) (Figure 24). Plants in the other foliar-Fe treatments, BF (0.50), FE (0.23), and
BFE (0.19) were not significantly different from the Control plants (Figure 24). Other plants with average
Pb-TFs not significantly different from the Control were the B (0.47), E (0.15) and BE (0.13) plants
(Figure 24).
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Shoot Pb
Concentration

Pb-TF

Table 12.

P-Value

F-Value

Root Pb
Concentration

Source

DF

F-Value

P-Value

F-Value

P-Value

Benomyl (B)

1

0.19

0.670

1.36

0.256

0.47

0.501

Foliar-Fe (F)

1

5.04

0.035 *

1.23

0.279

8.85

0.006 **

EDTA (E)

1

0.81

0.376

1.83

0.188

30.11

B*Fe

1

2.36

0.138

3.56

0.071

-

-

B*EDTA

1

0.14

0.707

2.03

0.167

-

-

Fe*EDTA

1

1.97

0.173

2.17

0.154

-

-

B*Fe*EDTA

1

1.13

0.299

4.07

0.055

-

-

Error

23

<0.001 ***

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on lead translocation factor (Pb-TF), shoot Pb concentration (mg kg-1), and root Pb
concentration (mg kg-1) by plants of Panicum virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 24.

Lead (Pb) translocation factor (TF) as a ratio of shoot Pb concentration to root Pb
concentration (±SD) in plant tissues of Panicum virgatum for all treatments. Means for
columns having the same letter and background color between treatments were not
significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.4.2

Pb Concentration
Lead (Pb) concentration was significantly lower in the shoots than in the roots (Figure 25).

Average shoot Pb concentration was 12.83 mg kg-1, 80% less than Pb concentration in the roots
(64.1 mg kg-1).
Shoot Pb concentration did not vary significantly among treatments (p=0.630) (Figure 25). In
addition, Pb concentration in the shoots did not vary significantly for plants in treatments with EDTA,
foliar-Fe, or benomyl (Figure 24). Plants treated with only foliar-Fe (F) measured 7.4 mg kg-1 to 24 mg
kg-1 for shoot Pb concentration, with an average of 14.10 mg kg-1 and a high standard deviation (±7.04 mg
kg-1) (Figure 25). Control plants had an average of 11.18 mg kg-1 Pb in the shoots, but did not vary
significantly from any of the other treatments (Figure 25).
Root Pb concentration varied significantly among individual treatment combinations (p=0.001),
with a significant positive effect by treatment with EDTA (Figure 25, Table 12 and Figure 25). Plants
treated with EDTA (E, BE, FE, and BFE), averaged a root Pb concentration of 92.56 mg kg-1, 112%
higher than the Control plants (43.70 mg kg-1) (Figure 25). Standard deviation of the root Pb
concentration was high for many treatment combinations; the Control plants measured 17 mg kg-1 to 85
mg kg-1 for root Pb concentration, resulting in a high standard deviation (±36.3 mg kg-1) (Figure 25).
There were no significant differences in a three-way categorical GLM analysis for interaction effects.
Therefore, GLM analysis for individual treatments was run without interaction terms, revealing that
plants treated with foliar-Fe (F, BF, FE, and BFE) had a significant reduction in root Pb concentration
(Table 12). Plants with the highest average root Pb concentration (117.00 mg kg-1) were the E plants, with
a root Pb concentration 168% higher than the Control plants. Average root Pb concentration in the BE
plants (100.80 mg kg-1) was also significantly higher than the Control plants, though not significantly
different from the other plants treated with EDTA, the FE (62.30 mg kg-1) and BFE (90.30 mg kg-1)
plants. The Control plants did not vary significantly in average root Pb concentration from B (55.00 mg
kg-1), F (16.25 mg kg-1), BF (22.75 mg kg-1), FE, or BFE plants (Figure 25).
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Average lead (Pb) concentration (±SD) in a) shoots and b) roots of Panicum virgatum at
harvest. Means for columns having the same letter and background color between treatments
are not significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.4.3

Pb Bioconcentration
Lead bioconcentration factor (Pb-BCF), or the ratio of Pb concentration in the shoots to Pb

concentration in the soil, did not vary significantly among treatments in the plants (p=0.630). Average PbBCF for the pool of all treatments was significantly lower than 1, at an average Pb-BCF of 0.17 (p=1.00).
The average shoot Pb concentration (12.83 mg kg-1) was significantly below the soil Pb concentration (76
mg kg-1).

6.5

Fe Concentration
Shoot iron (Fe) concentration varied significantly among individual treatment combinations

(p<0.001) (Figure 26), with a significant positive effect by treatment with foliar-Fe (Table 13). Plants
treated with foliar-Fe (F, BF, FE, and BFE) had an average shoot Fe concentration of 146.5 mg kg-1; this
value was 281% higher than the Control plants (38.5 mg kg-1) (Figure 26). Shoots of B (26.25 mg kg-1), E
(47.25 mg kg-1), and BE (41.0 mg kg-1) plants were not significantly different in shoot Fe concentration
from the Control plants (Figure 26).
Root Fe concentration did not vary significantly among individual treatment combinations, with
root Fe concentration averaging 1096 mg kg-1 for all treatments (p=0.170) (Figure 26). The Control plants
had a high amount of variation in root Fe concentration, with a standard deviation of 3166.0 mg kg-1,
more than the average root Fe concentration in the Control plants (2657.0 mg kg-1) (Figure 26). Though
root Fe concentration did not vary significantly among individual treatment combinations, root Fe
concentration was significantly affected by treatment with benomyl or with foliar-Fe, and showed a
significant interaction affect by combined treatment with benomyl and foliar-Fe (Table 13). Plants treated
with foliar-Fe (F, BF, FE, and BFE) had an average root Fe concentration of 788.1 mg kg-1; this value
was 70% below that of the Control plants (2657.0 mg kg-1). Plants treated with benomyl (B, BE, BF, and
BFE) had an average root Fe concentration of 905.6 mg kg-1; this value was 66% below that of the
Control plants (Figure 26). An interaction effect for foliar-Fe and benomyl resulted in significantly higher
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root Fe concentration in BF (793 mg kg-1) and BFE (1060 mg kg-1) plants than in the B and F plants
(p=0.037) (Table 13 and Figure 26).
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Shoot Iron (Fe)
Concentration

Table 13.

Source

DF

F-Value

Benomyl (B)

1

0.22

Foliar-Fe (F)

1

25.69

EDTA (E)

1

B*Fe

1

B*EDTA
Fe*EDTA

Root Fe
Concentration

P-Value

F-Value

P-Value

0.643

7.16

0.014 **

0.000 ***

8.11

0.009 **

0.11

0.740

2.11

0.160

0.31

0.584

4.9

1

0.03

0.872

2.23

0.149

1

1.8

0.192

1.64

0.212

B*Fe*EDTA

1

0.71

0.408

1.09

0.307

Error

23

0.037 **

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on iron (Fe) concentration (mg kg-1) in the shoot and root by plants of Panicum
virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 26.

6000
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Average iron (Fe) concentration (±SD) in a) shoots and b) roots of Panicum virgatum for all
treatments. Shoots varied significantly for Fe concentration. Means for columns having the
same letter and background color between treatments were not significantly different (LSD α
= 0.05).
Bars represent one standard deviation (SD). Treatments labeled: BE (Benomyl +EDTA), BF
(Benomyl + Foliar-Fe), FE (Foliar-Fe + EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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6.6

Mn Concentration
Shoot Mn concentration varied significantly among individual treatment combinations (p=0.001)

(Figure 27), with a significant positive effect by treatment with EDTA (Table 14). Interactive effects were
seen with all treatment combinations (B*E, B*F, F*E, and B*F*E) (Table 14). Plants treated with EDTA
(E, BE, FE, and BFE) had an average shoot Mn concentration of 208.8 mg kg-1; this value was 64%
higher than the Control plants (p<0.001) (Table 14 and Figure 27). The highest average shoot Mn
concentration was in the E plants (270.0 mg kg-1); this value was a 112% increase above the average for
the Control plants (127.5 mg kg-1) (Figure 27). The shoot Mn concentration in FE plants (180.0 mg kg-1)
was only significantly different from the E plants (Figure 27). Elevated shoot Mn concentration was also
found in the BE (190.0 mg kg-1) and BFE (195.0 mg kg-1) plants, significantly higher than the Control
plants. The BF plants had the lowest average shoot Mn concentration (109.8 mg kg-1), though the value
was not significantly different from the Control, B (170.0 mg kg-1), and F (160.0 mg kg-1) plants (Figure
27).
Root Mn concentration did not vary significantly among individual treatment combinations
(p=0.596) (Figure 27). No significant effects or interaction effects were seen in treatment with EDTA,
benomyl, or foliar-Fe (Table 14). Manganese (Mn) concentration was not significantly different from
roots to shoots, with average concentrations of 198.1 mg kg-1 and 175.3 mg kg-1 respectively (p=0.123)
(Figure 27).
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Shoot Mn
Concentration

Table 14.

F-Value

Root Mn
Concentration

Source

DF

P-Value

F-Value

P-Value

Benomyl (B)

1

2.02

0.168

0.41

0.529

Foliar-Fe (F)

1

1.18

0.288

0.88

0.357

EDTA (E)

1

22.67

0.000 ***

0.16

0.693

B*Fe

1

4.8

0.038 *

0.22

0.643

B*EDTA

1

8.38

0.008 **

1.59

0.220

Fe*EDTA

1

8.38

0.008 **

0.75

0.396

B*Fe*EDTA

1

9.84

0.004 **

1.92

0.179

Error

23

Summary of the analysis of variance for the effects of benomyl (B), foliar-iron (F), and
EDTA (E) on manganese (Mn) concentration (mg kg-1) in the shoot and root by plants of
Panicum virgatum.
Significance was accepted at α = 0.05, indicated by the p-values: *p < 0.05, ** p < 0.01,
*** p < 0.001.
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350
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Average manganese (Mn) concentration (±SD) in a) shoots and b) roots of Panicum virgatum
for all treatments. Means for columns having the same letter and background color between
treatments were not significantly different (LSD α = 0.05).
Treatments labeled: BE (Benomyl +EDTA), BF (Benomyl + Foliar-Fe), FE (Foliar-Fe +
EDTA), and BFE (Benomyl + Foliar-Fe + EDTA).
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7.0 RYEGRASS: Phytoextraction using Ryegrass (Lolium perenne) with Fungal Suppressant,
Combined Chelates, and Soil Fe
Shoot Pb concentration varied significantly among individual treatment combinations of ryegrass
(Lolium perenne) (p=0.008) (Figure 28). Treatments with only chelate added resulted in significantly
higher average foliage Pb concentration than the Control plants. Plants in the EDTA treatment had a
2044% increase in average Pb concentration (2350.0 mg kg-1) and plants in the EE treatment had a 1895%
increase in average Pb concentration (2187.0 mg kg-1) above the Control plants (109.6 mg kg-1). Plants
treated with benomyl including B (243.2 mg kg-1), EEB (744.0 mg kg-1), and EEBF (914.0 mg kg-1) plants
were not significantly different from the Control plants. Addition of Fe to the soil had no significant effect
on Pb concentration in the foliage.
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Figure 28.

Average lead (Pb) concentration (±SD) in shoots of ryegrass (Lolium perenne) for all
treatments. Means for columns having the same letter and background color between
treatments were not significantly different (LSD α = 0.05).
Treatments labeled: EE (EDTA + EDDS), EEB (EDTA + EDDS + Benomyl), and EEBF
(EDTA +EDDS + Benomyl +Fe).
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DISCUSSION

8.0 Phytoextraction of Lead by Switchgrass
Phytoextraction research aims to remove contaminants from the environment by concentrating
the contaminants in harvestable plant material for removal (Salt et al. 1998). The current study aimed at
maximizing phytoextraction of Pb from contaminated soil through chemically induced phytoextraction.
The main goal of this study was to examine the combined applications of an AM-fungal suppressant
(benomyl), chelating agent (EDTA), and foliar iron (ferrous sulfate) on Pb uptake and translocation of Pb
from a Pb-contaminated urban soil to the shoots of switchgrass (Panicum virgatum). Plants treated with
foliar-Fe showed reduced root Pb concentration, while maintaining a comparable shoot Pb concentration
to plants in other treatments (Figure 25 and Figure 29). In addition, plants treated with EDTA had a
greater than average shoot biomass, allowing for an increased overall extraction of Pb by the foliage mass
(Figure 15 and Figure 29). However, under the conditions of this study, Pb concentration in the foliage of
plants was not significantly affected by treatment with EDTA, benomyl, or foliar-Fe , nor did foliage Pb
concentration vary significantly between the individual treatment combinations (C, B, E, F, BE, BF, FE,
and BFE) (Figure 25).
Switchgrass in this study did not extract the concentration of Pb necessary to be considered
suitable for field extraction of Pb. The ratio of plant shoot Pb concentration to soil Pb concentration, Pb
bioconcentration factor (Pb-BCF), must be greater than 1.0 for a plant to be considered suitable for use in
phytoextraction (McGrath and Zhao 2003; Sun et al. 2009). Average shoot Pb concentration was only
12.83 mg kg-1, well below the average Pb concentration in the soil (76 mg kg-1). For the switchgrass used
in this study, average Pb-BCF was only 0.17. The plant Pb-BCF values ranged from 0.09 to 0.32, with no
significant differences among treatments, placing the Pb-BCF under the conditions of this study well
outside of acceptable range. The switchgrass variety used in this study (Alamo) is expected to produce
approximately 10 metric tons per hectare in the field (Hancock 2012). According to a model developed by
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McGrath and Zhao (2003), more than 100 crops (50 years) would be required to lower Pb levels in the
soil by one half at a Pb-BCF of 1.0 and production rate of 10 metric tons per hectare. Even with an
increase in biomass to the maximum expected yield of 22 metric tons per hectare (Muir et al. 2001), more
than 100 crops would still be required (McGrath and Zhao 2003). Uptake of Pb by the plant will have to
be substantially increased to make field application viable.
Another method of assessment used to determine efficacy for phytoextraction is for plants to
accumulate levels of contaminants in their shoots equivalent to those of natural hyperaccumulators
(Blaylock et al. 1997; Huang et al. 1997; Blaylock et al. 1999; Ali et al. 2013). For Pb, the concentration
level for hyperaccumulators is set to1000 mg kg -1 (0.1% DM) (Raskin et al. 1997; Huang et al. 1997;
Blaylock et al. 1999; Pilon-Smits 2005; Saifullah et al. 2009; Ali et al. 2013). In the current switchgrass
study, the average shoot Pb concentration (12.83 mg kg-1) falls well below the minimum concentration
considered necessary for Pb phytoextraction efficacy. Though induced phytoextraction through chemical
manipulation of the soil has been successful in concentrating more than 1000 mg kg -1 Pb in harvestable
plant material in several studies with Brassica juncea, Zea mays, and Pisum sativum (Huang et al. 1997;
Blaylock et al. 1997; Vassil et al. 1998; Cunningham and Berti 2000; Huang and Cunningham 2006;
Freitas et al. 2013), previous switchgrass studies with plants grown in pots with Pb contaminated soils
without chemical manipulation had similar results to the low levels in the current study (Levy et al. 1999;
Gleeson 2007). Levy et al. (1999) grew switchgrass for 101 days in soil contaminated with up to 1000 mg
kg-1 due to the presence of mine tailings (average pH 7.5-8.0). Levy et al. (1999) found a maximum of 4.9
mg kg-1 Pb in the shoots of plants grown for 101 days. In another study by Gleeson (2007), switchgrass
was grown for 84 days in a brownfield soil mix with an average content of 5900 to 36000 mg kg -1 Pb
(average pH not recorded). Gleeson (2007) found an increase in average shoot Pb concentration as soil
concentration increased, though maximum concentration did not reach more than 350 mg kg -1 Pb. The
low levels of concentration in the shoots of switchgrass grown in contaminated soil such as the current
study, Levy et al. study (1999), and Gleeson brownfield study (2007) suggest that the plants are able to
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uptake Pb, but will require additional manipulation to induce Pb mobility and availability to allow for
effective phytoextraction.
Switchgrass is capable of concentrating more than 1000 mg kg-1 Pb in the harvestable plant
material. Gleeson (2007) treated switchgrass grown in aqueous Hoagland’s solution for 84 days with 76
to 10,000 mg kg-1 lead acetate, a highly mobile and bioavailable Pb compound. The switchgrass treated
with lead acetate accumulated average shoot Pb concentration of 590 to 19,310 mg kg-1 (Gleeson 2007).
Increased mobility and availability of Pb to the switchgrass resulted in higher accumulation in the foliage.

8.1

Effects of Foliar-Fe Treatment on Phytoextraction of Pb
Plants treated with foliar-Fe showed significant increase in the ratio of shoot to root

concentrations of Pb, as evidenced by an increase in Pb translocation factor (Pb-TF) (Figure 24).
However, a similar concentration of Pb was translocated to the shoots of plants regardless of treatment,
while Pb concentration was reduced in roots of the plants treated with foliar-Fe (Figure 25). Plants treated
with foliar-Fe showed a decrease in root Fe concentration along with decreased root Pb concentration
(Figure 25 and Figure 29). The coupled reduction of Fe and Pb in the roots is likely due to Pb and Fe
having similar behaviors while in the soil and tissues of plants due to similar chemical characteristics
(Dong et al. 2000; Vert et al. 2002).
Grasses have been shown to increase the uptake of Fe through the release of natural
phytochelatins (phytosiderophores) under conditions of low Fe (Cohen et al. 1998; Curie and Briat 2003;
Pilon-Smits 2005; Curie et al. 2009). Additionally, plants may be triggered to generate phytochelatins by
the presence of Pb (Grill et al. 1985; Clemens 2006). In vitro cell cultures of Rauvolfia serpentina (dicot)
and in vivo studies of whole tomato and Silene vulgaris plants have shown that exposure to aqueous Pb 2+
results in generation of phytochelates by the plant cells (Grill et al. 1985; Leopold et al. 1999). However,
the Pb-ligand compounds were too small to be purified for identification with mass spectrophotometry
(Leopold et al. 1999). The phytochelates may not be taken up by the plants as Pb-phytochelate
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compounds (Clemens 2006). Laborarory studies to test for the production of phytochelates by the
switchgrass tissues in the presence of Pb 2+ after treatment with foliar-Fe would help to determine whether
high or healthy Fe levels result in decreased phytochelate production.
Another possibility for the increase in Pb-TF may have been interactions between Pb and other
metals and micronutrients in the roots. Foliar nutrient supplementation is thought to promote uptake of
other minerals by reducing the need for roots to inhibit uptake (Meers and Tack 2004). Treatment with
foliar-Fe resulted in an increase in the concentration of P in the roots with a decrease in concentration of
Fe, Pb, and Zn in the roots (Figure 29). Phosphorus is known to have a profound influence on the ability
of plants to tolerate increased heavy metal concentration and movement of metals in plant tissues
(Greipsson and Crowder 1992; Greipsson 1995). Phosphorus has the potential to interfere with movement
of Fe in the roots, as it will compete in the roots to bind to the Fe, resulting in decreased translocation
(Luo et al. 2006b). Divalent cations such as Pb2+ have been shown to replace divalent cations of Fe2+ in
plant processes under low Fe conditions, resulting in the transport of Pb in place of Fe when Fe is not
readily available (Vert et al. 2002). The increased root P concentration, coupled with decreased root Fe
concentration, may have resulted in increased Pb movement in place of Fe from the roots to the shoots.
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Figure 29.

Schematic model of phytoextraction of Pb by switchgrass (Panicum virgatum). Treatments
are benomyl, foliar-Fe, and EDTA. Direct effects are shown with solid line arrows, while
indirect effects and interactive effects are shown with dotted arrows.
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8.2

Effects of EDTA Treatment of Plant Growth and Movement of Pb
Plants receiving EDTA (E) treatment had the highest Pb concentration in the roots (Figure 25),

though shoot Pb concentrations were not significantly affected by EDTA treatment (Figure 25 and Figure
29). The use of EDTA to mobilize Pb in the soil and increase accumulation of Pb in plant tissues is well
known in the literature (Huang et al. 1997; Wu et al. 1999; Blaylock 2000; Hovsepyan and Greipsson
2005; Sun et al. 2009). Shoot Pb concentration was expected to increase with the addition of EDTA has
been shown in many studies to increase translocation of Pb from roots to shoots (Huang et al. 1997;
Evangelou et al. 2007). Studies with chelate-induced Pb phytoextraction in ryegrass (Perry et al. 2012)
and maize (Hovsepyan and Greipsson 2005) resulted in substantially more Pb concentrated in the shoots
in plants treated with EDTA. The lack of change in shoot concentration in this study is likely due to a
dilution of Pb concentration within the tissues, as treatment with EDTA significantly increased shoot
biomass for the plants (Figure 15). Though EDTA is known to decrease biomass in many treated plants,
this increase in biomass is not surprising as monocots such as switchgrass are less susceptible to the
chlorosis and loss of biomass common to dicots treated with EDTA (Luo et al. 2006a; Luo et al. 2006b).
In addition, treatment with EDTA resulted in an increase in required nutrient concentration (P and Mn) in
the shoots, likely contributing to the increased biomass. EDTA treatment resulted in significantly
increased nutrient uptake by the plants. Plants treated with EDTA had increased root and shoot P
concentration (Figure 19) and increased shoot Mn concentration (Figure 27). The increased Pb, P, and Mn
concentration in switchgrass tissues are likely due to the increased bioavailability and transport of PbEDTA, P-EDTA, and Mn-EDTA complexes into the roots from the soil (Vassil et al. 1998; Salt et al.
1998; Hovsepyan and Greipsson 2005; Sun et al. 2009; Zaier et al. 2010). Corn (Zea mays) grown in soil
and alfalfa (Medicago sativa L.) grown hydroponically have also been shown to accumulate increased P
concentration with EDTA treatment (Hovsepyan and Greipsson 2005; López et al. 2007). Similarly to the
switchgrass, alfalfa plants increased significantly in shoot biomass with EDTA treatment, possibly due to
the high P intake requirements of alfalfa plants (López et al. 2007).

71

With the addition of EDTA in the switchgrass study, the soil pH significantly increased from an
average of 5.5 to an average of 6.9. This increase in pH may have reduced the availability of the Pb to the
plants, which may explain the lack of shoot Pb increase with EDTA treatment seen in this study. Soil pH
has been shown to affect the availability of macro and micronutrients in the soil to the plant and to AMF
(Sauvé et al. 1998; Zerbe et al. 1999; Yobouet et al. 2010; Jiang et al. 2012). In soils, including the Ultisol
used in this study, Pb is more soluble as pH decreases in the soil, increasing the potential for uptake by
the plants and translocation to the harvestable parts (Salt et al. 1995; Blaylock et al. 1997; Begonia et al.
2005; Li et al. 2007). A good linear correlation between soil pH and Pb solubility has been demonstrated
by Wang et al. (2007) in a silty clay loam soil (Gleyi-Stagnic Anthrosol) from a contaminated paddy field
near a Cu smelter in China . Average soil pH at the start of the Wang et al. (2007) study was 7.3. Soils in
the Wang study did not change significantly over time with the addition of EDTA or EDDS to soils,
though increased chelate concentration appears to have increased the pH of the soil according to graphical
reports. This is in contrast to a study by Elless et al. (2007) with a survey of 13 different Pb-contaminated
soils from various cities in the United States . Though Elless et al. (2007) found an increase in Pb
solubility with lower soil pH in the absence of added EDTA or EDDS, the addition of the chelating agents
reversed the trend. However, it must be noted that the Elless study does not report change in pH in
correlation to chelate concentration (Elless et al. 2007). It is possible that increased levels of chelate
raised the pH, yet increased solubility of the Pb in spite of the increased pH due to the increased
availability of chelates for bonding.
EDTA effectiveness at mobilizing Pb increases as soil pH decreases (Blaylock et al. 1997).
Acetic acid has been used in studies with EDTA as an additive to lower pH in the soil or media (Blaylock
et al. 1997; Begonia et al. 2005). In a hydroponics study, lowering the growth solution pH with 5 mmol
acetic acid and 5 mmol EDTA L-1 reduced media pH from 8.3 to 7.8 and increased shoot Pb accumulation
and decreased retention of Pb by the roots in Indian mustard (Brassica juncea) (Blaylock et al. 1997). In a
greenhouse study, lowering the pH with 5 mmol acetic acid and 5 mmol EDTA kg -1 silty loam soil
reduced soil pH from 8.2 to 7.4 and increased root Pb concentration in tall fescue (Festuca arundinacea
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Schreb. cv. Spirit) as the soil pH decreased (Begonia et al. 2005). Reducing the soil pH in combination
with chelate addition and other treatments to induce translocation may result in higher Pb uptake by the
plants and should be studied further.
Splitting the EDTA application into two or more portions has been shown to reduce Pb leaching
into water and cross contamination of the water table, without significantly decreasing Pb uptake by
plants (Vassil et al. 1998; Grčman et al. 2001; Wenzel et al. 2003; Barocsi et al. 2003; Neugschwandtner
et al. 2008). Splitting the dose of EDTA into multiple doses of 1.0 mmol kg-1 in this study likely reduced
the phytotoxic effects often seen in plants treated with higher doses of EDTA, as shown in studies with
Zea mays (Neugschwandtner et al. 2008; Neugschwandtner et al. 2012) , cabbage (Brassica rapa) (Shen
et al. 2002), and canola (Brassica napus L.) (Wenzel et al. 2003). Barocsi et al. (2003) suggest that the
small increments allow the plant to have time to initiate adaptive response and raise the damage threshold
. Applications of EDTA greater than 1.0 mmol kg-1 EDTA per treatment application often result in
decreased biomass, most likely due to toxicity from both the EDTA itself and mobilized heavy metals
such as Pb (Vassil et al. 1998; Hovsepyan and Greipsson 2005; do Nascimento et al. 2006; Pereira et al.
2007; Sun et al. 2009). Splitting the dose of EDTA into several smaller doses has been shown to be as
effective as or more effective than a single dose application (Shen et al. 2002; Wenzel et al. 2003;
Neugschwandtner et al. 2008). In addition, reducing the dose of EDTA has been shown to result in less
migration of Pb through the soil profile, reducing risk of Pb-EDTA complexes leaching into the water
column (Neugschwandtner et al. 2008). Therefore, splitting the dose of the chelate application reduces
toxic response by the plants and potential risk to the environment.

8.3

Effects of Arbuscular Mycorrhizal Fungi on Plant Growth and Movement of Pb
AMF colonization was evident in plants in all treatments, as demonstrated by root segment

observation for hyphae, arbuscules, and vesicles (Figure 17). Evidence of AMF suppression was present
in roots of plants treated with benomyl, as demonstrated by a significant reduction of arbuscule presence
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and slight reduction in hyphal occurrence. The difference in hyphal presence was not significantly
different from the Control plants, though benomyl is known to interfere with hyphal growth and function
(Kahiluoto et al. 2000; Perry et al. 2012).
Plants treated with benomyl did not show any significant effect on growth (i.e. leaf length or
biomass) (Table 6 and Table 7). In addition, this study showed no significant signs of decreased plant
health above the soil level for any of the treatments. Plants showed no significant difference in percent
chlorosis between treatments and minimal total chlorosis per pot (Table 5). In previous studies the
addition of benomyl has either reduced both shoot biomass and health (Zea mays) (Hovsepyan and
Greipsson 2004; Hovsepyan and Greipsson 2005) or had no significant effect (Lolium perenne) (Perry et
al. 2012). It is likely that benomyl treatment had little effect on the plants’ health and biomass due to the
establishment of strong AMF association prior to treatment. Timing of benomyl application can limit its
effectiveness (Pedersen and Sylvia 1997; Hovsepyan and Greipsson 2004). The late addition of benomyl
after established growth in this study as well as the study by Perry et al. (2012) allowed for strong plant
growth before AMF suppression, possibly limiting its effectiveness.
Arbuscular mycorrhizal fungi (AMF) have been shown to affect movement of metals into plants,
either increasing or decreasing the movement dependent on plant species, soil attributes, and AMF
species (Lebeau et al. 2008; Zheljazkov and Astatkie 2011). AMF bind heavy metals in their hyphae,
affecting their availability to be taken up by roots (Gonzalez-Chavez et al. 2004; Audet and Charest
2007). AMF produce copious amounts of glomalin, a glycoprotein capable of bonding effectively to
cations in soil and roots (Gonzalez-Chavez et al. 2004). The production of glomalin results in a
sequestration of Pb in the hyphae of AMF (Gonzalez-Chavez et al. 2004).
Under the conditions of this study, the addition of benomyl did not have any significant effect on
the uptake of Pb by the switchgrass, indicating that AMF suppression did not significantly affect Pb
uptake. The results of addition of benomyl in this study are contrary to some previous studies, while
consistent with others. Perry et al. (2012) found that benomyl-induced suppression of AMF inocula from
Pb contaminated soils resulted in a decrease of Pb translocation from roots to shoots in ryegrass (Lolium
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perenne). Zheljazkov and Astatkie (2011) tested six mycorrhizal plants including alyssum (Alyssum
maritimum ssp. Benthami, synonym Lubularia maritima), clary sage (Salvia sclarea L.), garden sage
(Salvia officinalis L.), thorn apple (Datura innoxia Mill.), yellow poppy (Glaucium flavum Grantz), and
zonal geranium (Pelargonium hortorum) for Pb uptake with and without benomyl suppression of native
AMF innocula in Pb-contaminated soil. Only the thorn apple plants were found to concentrate more Pb in
the shoots with benomyl suppressed AMF than with untreated AMF (Zheljazkov and Astatkie 2011).
Hovsepyan and Greipsson (2005) demonstrated that benomyl-induced suppression of AMF inocula from
uncontaminated soil increased translocation of Pb from roots to shoots in maize (Zea mays). The
difference in AMF response may be in the timing of benomyl application, as was indicated by Perry et al.
(2012) where benomyl was applied after established growth of the plants, and studies by Zheljazkov and
Asstatkie (2011) and Hovsepyan and Greipsson (2005) treated the soil prior to planting. Different plant
species and AMF isolate species are also known to have varying interactions between AMF activity and
Pb uptake (Wong et al. 2007; Sudová and Vosátka 2007; Perry et al. 2012). In addition, it has been
suggested that under low levels of Pb, AMF suppression may not have a significant effect on Pb
movement (Zheljazkov and Astatkie 2011). The level of Pb in these studies were less than 150 mg kg-1
soil, and may have been too low for AMF suppression by benomyl to have a significant effect.
Evidence of AMF suppression or toxicity was also present in plants treated with EDTA. Both
arbuscule and hyphal presence in the switchgrass roots were significantly reduced in plants treated with
EDTA (Figure 17). These results are consistent with other studies, where EDTA has been shown to
suppress AMF activity (Grčman et al. 2001; Marques et al. 2008; Perry et al. 2012; Jarrah et al. 2014).
This suppression is likely due to the toxicity of EDTA to AMF (Grčman et al. 2001; Jarrah et al. 2014).
The addition of foliar-Fe to either EDTA treatment or benomyl treatment resulted in reduced
evidence of AMF suppression; the FE, BF, and BFE plants were not significantly different in AMF
colonization percentages from the Control plants (Table 8). Control plants and plants in the BFE
treatment had the highest percentage AMF colonization, with more than 90% of the segments colonized
with hyphae and arbuscules (Figure 17). In addition, the effect of foliar-Fe on AMF activity was
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demonstrated by the increased root P concentration in plants receiving the foliar-Fe treatment (Table 9).
Phosphorus (P) is a required macronutrient often aided in uptake by the presence of AMF (Chen et al.
2004; Smith and Smith 2012). Translocation and extraction of phosphorus (P) can be indirect indicators
of AMF activity in plants, as AMF assist with regulation of P uptake by the plants (Christie et al. 2004;
Chen et al. 2004; Chen et al. 2005; Smith and Smith 2012). Foliar-Fe may have had a protective effect on
the activity of AMF, resulting in the increase of P in the roots. Suppression of AMF activity is expected to
result in lower foliage P concentration due to reduced transport by AMF (Smith and Smith 2012).
Though treatment with foliar-Fe tempered the decrease in AMF colonization for plants treated
with benomyl or EDTA, no significant interaction effects were seen between foliar-Fe and the other
treatments for Pb-TF or concentration of Pb in the roots or shoots (Table 12). In addition, benomyl
treatment did not significantly affect Pb concentrations in the plant tissues or Pb-TF in the plants, adding
weight to the suggestion that AMF activity may not have been involved in the movement of Pb in this
study.
Plants treated with benomyl did not have significantly different P concentrations in the roots and
shoots from the Control plants, indicating that suppression of AMF by benomyl did not affect P
movement into and through the plants (Table 9). Conversely, treatment with EDTA significantly
decreased P translocation factor (TF), while increasing both the shoot and root P concentrations. Though
toxic to AMF, resulting in decreased AMF presence, the EDTA treatments were significantly higher in P
concentration than the other plants, including the Control plants. EDTA is highly effective at mobilizing P
(Chen et al. 2004) and may have countered any reduction of P concentration often seen with AMF
suppression due to the high influx of solubilized P with EDTA treatment (Perry et al. 2012).
Few studies have been conducted with iron application as a treatment for induced phytoextraction
of heavy metals, though the competition between Fe and Pb for availability in metabolically sensitive
sites such as the chloroplast makes the interaction a potential area of manipulation (Antonovics et al.
1971; Fageria et al. 1990). The ryegrass (Lolium perenne) study yielded a significant increase in shoot Pb
concentration with the application of EDTA alone or in combination with EDDS (Figure 18). This is not
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surprising, as both EDTA and EDDS have been shown in other studies to be effective in mobilizing Pb
for transport into ryegrass shoots (Kos 2003; Tandy et al. 2006a; Perry et al. 2012). In the presence of
benomyl and combined chelate (EEBF), treatment with Fe applied to the soil was not successful in
affecting Pb concentration in the shoots. The results are consistent with the results of the switchgrass
study; shoot Pb concentration in the switchgrass and ryegrass plants was neither affected by benomyl
treatment nor by Fe treatment. Average Pb concentration in the EEBF shoots was slightly higher than in
the Control and EEB shoots, though the difference was not significant. In another study using maize (Zea
mays) treated with both Pb and Fe in a sand culture revealed that adding Fe solution to the sand can be
effective in increasing Pb uptake to the shoots (Williams et al. 2012). Addition of EDTA combined with
soil Fe treatment, however, reduced the effectiveness of EDTA in mobilizing Pb to the shoots (Williams
et al. 2012). In the current switchgrass study, foliar-Fe application was successful in increasing
translocation of Pb from the roots to shoots.

9.0 Management Perspectives
Phytoextraction aims to reduce the level of Pb soil contamination to acceptable levels within a
given time frame (Huang et al. 1997; Salt et al. 1998; Huang and Cunningham 2006; Luo et al. 2006a).
However, it is important to realize that any extraction of Pb from contaminated soils is beneficial, as there
may be no levels of Pb contamination that should be considered to be acceptable (Lanphear et al. 2005;
Bellinger 2008; CDC-ACCLPP 2012; Huang et al. 2012; Sawalha et al. 2013). The current limit for play
area soil Pb level (SLL) in the US (400 mg kg-1) is high when considered in terms of potential exposure
by humans (Mielke et al. 1999; Malcoe et al. 2002). A survey conducted of children in residential areas
near a former mining area in Oklahoma showed a strong correlation for BLLs ≥ 10 µg dL-1 with SLL’s
between 165 mg kg-1 and 400 mg kg-1 (Malcoe et al. 2002), well above the current CDC blood reference
value (5 µg dL-1) (Bellinger 2013). In a study of BLLs in New Orleans, Louisiana, Mielke et al. (1999)
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created a regression model based on studies of BLL and SLL ratios to show the correlation between blood
lead level (BLL, µg dL-1) and soil lead level (SLL, mg kg-1) for children less than 6 years old:
BLL= 3.06 + 0.33 (SLL)0.5
Mielke et al.’s (1999) regression model results in BLLs of 9.77 µg dL-1 for children utilizing an area
contaminated with a SLL of 400 mg kg-1, also higher than the current CDC blood reference value (5 µg
dL-1) (Bellinger 2013).
Using Mielke et al.’s model, the current CDC blood reference value (5 µg dL-1) would set a level
of concern for SLL of 35 mg kg-1, much lower than the current regulated EPA level of concern (USEPA
2001). As children are most at risk by Pb exposure (Mazumdar et al. 2011; Zahran et al. 2013) and the
EPA level for maximum Pb concentration in play areas would give a BLL of nearly 10 µg dL-1 for
children, soil Pb contamination sites above 35 mg kg-1 should be considered for remediation. Low level
Pb phytoextraction such as that provided by planting and harvesting of grasses such as ryegrass and
switchgrass allows for slow but steady remediation of these low levels of Pb-contamination.
Research projects for phytoextraction are conducted to maximize extraction for a given set of
parameters, including soil type, contaminants and co-contaminants, climate, location, and soil use (Salt et
al. 1998; Blaylock 2000; Lebeau et al. 2008). Traditional ecological restoration approach has been used to
address and implementing solutions for one issue at a time, referred to as a “trial-and-error” approach
(Greipsson 2011b). Full-scale projects are often implemented all at once in the field without consideration
for tailoring to the specific needs of the system or future adjustments and corrections (Greipsson 2011b).
An alternative approach is to begin with small scale projects under controlled conditions to tailor the plan
to the given parameters, and then move the project to the field with monitoring and revision opportunities
included in the management plan, termed “adaptive management” (Figure 30) (Greipsson 2011b).
Adaptive management allows for revisions in the plan during the course of action due to changes in
climate, resource use, and human or wildlife interactions (Tompkins and Adger 2004; Pahl-Wostl 2007).
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Figure 30.

Adaptive management model, with provisions for feedback and monitoring. Small-scale field
trials are implemented, followed by larger scale field projects. Adapted from Greipsson,
“Restoration Ecology” (2011).

For the remediation of Pb-contaminated residential urban soils, such as the soils included in this
study, a management plan would consist of multiple pilot studies, small-scale field studies to adjust
tailored plans, and a major large-scale field study with built in feedback mechanism allowing for further
adjustment of the soil restoration. The pilot studies, or “treatability studies” (Blaylock 2000), would occur
in the lab or greenhouse under controlled conditions to test native AMF responses to selected plants, plant
responses to chosen treatments, and Pb bioavailability in the soil, and to work with timing of applications,
application methods, pH response, and plant health and growth (Blaylock 2000; Pilon-Smits 2005;
Greipsson 2011a). Other variables may need to be considered based on soil type, competing minerals and
metals in the soil, plant choice, timing of the project, and climate conditions (Blaylock 2000; Pilon-Smits
2005; Greipsson 2011a). Metal migration within the soil profile due to increased bioavailability with
treatments such as chelate addition will also have to be minimized (Saifullah et al. 2009; Greipsson
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2011a). Pilot studies allow for fine tuning of the project to local conditions to bring maximum results
before transferring the phytoextraction procedure on a large-scale to the field.
One issue with pot studies that must be considered when transferring projects to the field is that
roots have the opportunity for greater depth in the field, allowing them to reach potentially less
contaminated soil profile areas (Delorme et al. 2000). This greater depth of the roots in the field yields
could lower concentrations of extracted metals in the shoots for field application than in the pilot studies
(Delorme et al. 2000). In conclusion, small-scale field studies prior to the full-scale study will allow for
monitoring and adjustment prior to full plan implementation.

10.0 Future Research Directions
In line with the approach of adaptive management, additional lab and greenhouse studies would
need to be performed for the switchgrass project before implementation of a large-scale field study. Many
possible adaptations could be incorporated into the project, including adjustment to treatment timing,
application methods, and soil pH adjustment.

Timing of Treatments
Timing of chelate treatment and AMF suppression is considered crucial, as it is important to
allow for substantial plant growth and biomass accumulation in order to maximize Pb uptake (Salt et al.
1998; Perry et al. 2012; Shahid et al. 2012). Plants receiving treatment with chelates or fungal
suppressants later in growth tend to show less heavy metal stress (Perry et al. 2012; Shahid et al. 2012).
Plants with treatments added prior to or immediately after germination tended to show more heavy metal
stress, reduced biomass, and other ailments (Duo et al. 2005; Luo et al. 2006c; Sun et al. 2009). In a three
year field study with rose cultivar (Pelargonium) grown in urban soil near a metal recycling factory, the
roses were found to accumulate significantly more Pb in their shoots in the third year after maturing than
in their first two years (Shahid et al. 2012). In the current switchgrass study, plants reached full height
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140 days after planting, 58 days after the start of treatments. Plants were harvested 15 days after
maximum height was reached. In a similar study conducted on ryegrass (Lolium perenne), treatments
were not started until 8 weeks of growth when plant height was no longer increasing (Perry et al. 2012).
The ryegrass study showed a significant increase in shoot Pb concentration for some of the treatments
(Perry et al. 2012). In another switchgrass study with application of highly mobile Pb to the soil, plants
treated before germination were shown to extract significantly less Pb in the shoots and roots than plants
treated after established growth, in particular root growth (Gleeson 2007). Initiation of treatments after
maximum plant height is reached may allow plants to benefit from a fully established AMF network,
giving maximum possible biomass for metal extraction.

Heated Chelate
It has been proposed that EDTA increases the movement of metals across the root into the plant
through the creation of breaks in the root epidermis and Caspian strip, allowing movement of Pb into the
sap of the xylem (Bell et al. 1991; Vassil et al. 1998). Heating the chelate solution or the roots of the plant
has been shown to increase movement of metals as well, possibly with the same physiological change in
the root epidermis (Luo et al. 2006c). The application of chelate solution such as EDTA or EDDS heated
to 90ºC has been shown to increase the uptake and translocation of Pb from soil to shoots to levels above
those of unheated solutions (Luo et al. 2006b; Luo et al. 2006c). Heating the solution for treatment might
allow for the use of less chelate in the application.

Soil pH adjustment (Citric acid)
As chelate efficiency and Pb availability increase with decrease in soil pH, treatment of the soil
with an acid may increase plant uptake (Blaylock et al. 1997; Begonia et al. 2005). An effective solution
for reducing pH is the addition of organic acids to the soil such as citric acid (CA) (Chen et al. 2003;
Palomo et al. 2006). Citric acid (CA) is a naturally occurring low molecular weight organic acid
(NLMWOA or LMWOA), biodegradable chemical that is excreted by fungi, plants, and other organisms
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in the soil (Evangelou et al. 2007; Sullivan et al. 2012). The addition of an organic acid in conjunction
with or before other chelate additives may assist with Pb mobilization. Like EDTA and EDDS, CA is a
ligand that is able to act as a chelating agent, grasping metals between two or more donor atoms (Brown
and LeMay 1988) (Figure 31).

Citric Acid
(CA, C6H8O7)

Figure 31.

Molecular structures of citric acid (CA) binding to a metal ion (M) (JH Biotech Inc. 2014).

Tests for extractability of Pb from contaminated soils using EDTA and CA have shown that
EDTA is significantly more effective than CA at chelating Pb (de Araújo and do Nascimento 2010; Kim
and Lee 2010; Karczewska et al. 2011). When compared to CA under similar treatment conditions, EDTA
was shown to translocate significantly more Pb to the shoots than CA translocated (do Nascimento et al.
2006). The increased translocation by EDTA may be due to the stronger binding of EDTA in the PbEDTA complex (do Nascimento et al. 2006). Combination of EDTA for effective binding and CA for
added chelation plus reduction of pH may result in an increased uptake of Pb by the plants.
Combining the application of EDTA with that of another chelate such as citric acid (CA) has been
shown to result in a significant increase in the translocation factor for Pb (Begonia et al. 2005; Luo et al.
2006b). In a 2005 greenhouse study with tall fescue (Festuca arundinacea Schreb. cv. Spirit) planted in
Pb-contaminated sand, chelate-induced increases in translocation led to correspondingly higher shoot Pb
concentrations in plants treated with a 1:1 concentration of EDTA and CA (Begonia et al. 2005).
Phytotoxicity in CA treated plants is less than that of EDTA treated plants (Kim and Lee 2010). The
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lower toxicity may be due to the detoxifying effect that CA has on Pb translocated to the shoots of plants
by transforming higher toxic lead forms to lower toxic forms (Chen et al. 2003).
Due to citric acid’s high biodegradability in the soil, affinity for binding and mobilizing Pb, and
high availability at low cost, CA is growing in popularity as a phytoextraction treatment (Chen et al.
2003; Wu et al. 2003; Gao et al. 2012; Freitas et al. 2013). While EDTA may remain in the soil for
months or years (Evangelou et al. 2007; Saifullah et al. 2009; Neugschwandtner et al. 2012), organic
acids such as CA biodegrade in soils within hours or days (do Nascimento et al. 2006; Evangelou et al.
2007). Citric acid (CA) has been successful as a treatment without other chelation agents in mobilizing Pb
and inducing phytoextraction (Freitas et al. 2013). Treatment with 40 mmol kg-1 CA to Pb-contaminated
soil with maize (Zea mays) and vetiver (Chrysopogon zizanoides) plants resulted in significant, effective
extraction of Pb to the shoots (>1000 mg kg-1 in shoot tissue) (Freitas et al. 2013). No studies were found
with the use of switchgrass and CA as a phytoextraction inducement, though one study was found with
treatment of switchgrass for Cd extraction (Chen 2008). Citric acid (CA) is worthy of exploration as a
possible inducer of Pb phytoextraction with switchgrass.

Hormone Treatment

Recent studies with application of growth hormones have proven to be effective for increasing Pb
extraction in plants (López et al. 2005; López et al. 2007; Hadi et al. 2010; Gupta et al. 2013).
Hydroponically grown alfalfa (Medicago sativa) treated with EDTA and the growth promoting hormones
indole-3-acetic acid (IAA) and kinetin (KN) showed increased translocation of Pb from roots to leaves
with EDTA, and increased Pb concentration in the leaves with hormone treatment (López et al. 2005;
López et al. 2007). Alfalfa plants exposed to Pb at 40 mg L-1 and treated with an equimolar solution of 0.2
mM EDTA to Pb(NO3)2 and 100 µM IAA increased leaf Pb concentration by about 2800% over those
treated with only Pb and EDTA (López et al. 2005). A treatment combination of 100 µM IAA plus 100
µM KN in the presence of 0.2 mmol Pb increased the Pb concentration in alfalfa leaves further to
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approximately 9500 mg kg-1 (López et al. 2007). It should be noted that the growth media in the alfalfa
studies were adjusted to a pH of 5.3-5.4 with1M NaOH or HNO3 after treatment (López et al. 2005;
López et al. 2007), which increases Pb solubility (Sauvé et al. 1998; Zerbe et al. 1999). The pH decrease
may have increased effect of EDTA on Pb translocation as it did in the study by Blaylock et al. (1997) on
Indian mustard (Brassica juncea). However, hormone application without pH adjustment (soil pH 6.2)
has been successful in generating increased Pb uptake by corn (Zea mays) (Hadi et al. 2010). Corn grown
in soil artificially contaminated with lead nitrate (Pb(NO3)2) at 800 mg kg-1 soil and treated with four split
applications of foliar hormone (0.001mmol gibberellic acid (GA3) and IAA every 15d) plus EDTA (100
mg kg-1 soil once a week) showed increases in shoot Pb concentration and translocation of Pb from roots
to shoots with each individual treatment type, as well as a synergistic effect with combined treatment
showing a drastic increase in shoot Pb concentration and translocation (Hadi et al. 2010). Treating the
switchgrass with growth hormones for enhanced Pb uptake, the soil with a chelate for increased Pb
movement and translocation, and acidification of the soil for enhanced chelate activity has the potential to
increase Pb phytoextraction.
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CONCLUSION
Treatment of switchgrass grown in urban Ultisol soil contaminated with Pb (76 mg kg-1) was
effective at increasing translocation of Pb from roots to shoots. However, treatment with benomyl, EDTA,
and foliar-Fe were not effective at increasing Pb uptake to the harvestable portion (shoots) of the plants.
Shoot Pb concentration did not vary significantly among treatments and averaged 12.83 mg kg -1. Plants
treated with foliar-Fe maintained their shoot Pb concentrations while decreasing concentration of Pb, Fe,
and Zn in the roots. Treatment with foliar-Fe has great potential as an enhancement in phytoextraction
studies for translocation of extracted Pb from roots to the shoots.
Foliar-Fe treatment had the added effect of tempering suppressive effects of benomyl and EDTA
treatment on AMF presence in the roots. AMF suppression did not, however, affect significantly Pb
uptake or translocation to the shoots. Treatment with benomyl, a fungal suppressant, reduced AMF
presence but had no significant effect on Pb accumulation by the switchgrass plants.
Treating plants with EDTA did not increase shoot Pb concentration, but was effective at
increasing root Pb concentration. An increase in pH from acidic (5.5) to neutral (6.9) in soils treated with
EDTA may have decreased its effectiveness at chelating and translocating Pb from the roots to the shoots.
Therefore, future studies with soil treated to maintain acidity under chelate treatment, such as citric acid,
are warranted.
Future studies with switchgrass as a model plant for phytoextraction of Pb are recommended, as
switchgrass is tolerant of Pb contamination, produces high amounts of biomass even under conditions of
metal contamination, and is able to accumulate Pb in both the shoot and root. Additional studies under
controlled conditions are needed especially before moving testing the use of switchgrass for Pb
phytoextraction in a large-scale field study.
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INTEGRATION
This study used techniques and approaches from several fields within biology and chemistry to
address research questions involving extraction of Pb by plants grown in Pb-contaminated soils. Studies
on human health contributed to knowledge of the deleterious effects of Pb even in low concentration on
humans, revealing that there may not be any safe levels for soil Pb contamination or blood Pb levels.
Information in the fields of soil chemistry and geochemistry were used to address how Pb and other
metals behave in different types of soils, in particular in Ultisol. Mycology and histological techniques
were used in observations of arbuscular mycorrhizal fungi activity in the roots and rhizosphere of the
switchgrass. Methods in plant physiology and phytochemistry addressed movement of Pb and other
metals and minerals in plant tissues. Ecological interactions in the rhizosphere affect the movement of
elements from soil to roots, involving major aspects of this research (the roots and AMF). Studies in
phylogenetics helped to identify trends in Pb-tolerant and Pb-accumulating species and groups of species,
including Poacea in the monocots as a metal tolerant family (switchgrass and ryegrass being examples).
Horticultural studies assisted with understanding the needs and restrictions of switchgrass in agricultural
uses.
In this study several statistical methods were considered in the analysis of the data. For example,
many of the studies cited in the current study used a simple one-way analysis of variance (ANOVA) with
a post hoc multiple range test to analyze differences between means in individual treatment combinations.
Post hoc tests included Fisher’s least significant difference (LSD) (Begonia et al. 2005; Chen et al. 2005;
Hovsepyan and Greipsson 2005; Karczewska et al. 2011), Tukey honest significant difference (HSD)
(Kos 2003; López et al. 2007; Marques et al. 2008; Kim and Lee 2010; Hadi et al. 2010), Duncan (Wong
et al. 2007; Neugschwandtner et al. 2012), and Bonferroni (Palomo et al. 2006). Fisher’s LSD multiple
range test was chosen for this study due to the ability to determine which group of treatments is most
likely to have an effect (Day and Quinn 1989; Hilton and Armstrong 2006). The complete model with all
possible treatment combinations used in this study allowed for additional use of general linear model
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(GLM) ANOVA to determine individual treatment effects as well as interaction effects (Quinn and
Keough 2002; Montgomery et al. 2009). Though GLM was not used as often in referenced studies as oneway ANOVA, four studies included GLM as part of their data analysis (Chen et al. 2004; Chen et al.
2005; Zheljazkov and Astatkie 2011; Jarrah et al. 2014). Statistical analysis allowed for determination of
significance and offered additional meaningful interpretation of the data.
The combination of all of these fields of science allowed for a more comprehensive and inclusive
approach to induction of phytoextraction of Pb than might be available if only approach through a simple
hypothesis test with one goal.
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APPENDIX A. Shoot element analysis for all treatments of Panicum virgatum.

Treatment
C
C
C
C
B
B
B
B
E
E
E
E
F
F
F
F
BE
BE
BE
BE
BF
BF
BF
BF
FE
FE
FE
FE
BFE
BFE
BFE
BFE

Pot
4D
5A
5D
5E
5C
6A
6D
7C
1D
4B
7A
7B
1C
2E
4E
8B
1E
5B
6C
6E
3E
6B
7D
8E
2B
2D
3B
3D
3C
4C
7E
8D

Element Analysis (mg kg-1 DM)
Fe
Mn
P
Pb
Zn
40
110
1100
13
81.92
35
170
850
13
69.38
30
100
940
6.7
62.72
49
130
890
12
65.54
22
200
950
16
52.14
30
190
830
15
84.04
22
170
840
11 63.796
31
120
880
15
49.32
32
200
1100
12
37.78
53
310
1300
16
69.68
60
350
1300
15
62.9
44
220
1300
16
57.04
140
180
770
12
60.9
260
200
800
24
61.88
93
130
780
7.4
66.32
190
130
770
13
74.4
42
140
1300
13
44.52
34
260
1200
12
66.58
43
180
1000
10
38.48
45
180
1110
15
43.64
120
110
800
9.6
62.28
72
99
920
6.9
31.8
170
130
950
14
37.02
190
100
610
10
53.7
110
220
830
10
43.34
160
140
1300
18
46.74
140
180
870
8.7
56.64
110
180
1100
12
43.8
200
230
1300
15
52.84
170
230
1200
17
73.48
120
140
1400
14
37.64
99
180
1200
8.1
36.02
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APPENDIX B.

Root element analysis for all treatments of Panicum virgatum.

* Sample 5A was removed from results analysis due to being determined a significant outlier.

Treatment
C
*C
C
C
B
B
B
B
E
E
E
E
F
F
F
F
BE
BE
BE
BE
BF
BF
BF
BF
FE
FE
FE
FE
BFE
BFE
BFE
BFE

Pot
4D
5A
5D
5E
5C
6A
6D
7C
1D
4B
7A
7B
1C
2E
4E
8B
1E
5B
6C
6E
3E
6B
7D
8E
2B
2D
3B
3D
3C
4C
7E
8D

Element Analysis (mg kg-1 DM)
Fe
Mn
P
Pb
Zn
6300
290
1100
85 146.06
7500
350
870
230 153.59
1100
200
980
29
80.54
570
160
720
17
60.46
570
200
740
70
77
1000
200
820
86 108.02
640
200
1010
52
83.56
460
160
810
12
56.12
1300
220
1700
120
65.94
1310
110
1600
58
67.56
1700
210
1800
160
108.1
2000
260
1700
130
94.4
490
160
980
18
55.32
560
130
1300
14
51.94
520
120
870
14
46.34
590
300
920
19
76.42
1100
190
1800
86
60.08
810
360
1400
82
75.54
1300
210
2000
95
65.7
1200
220
1500
140
64.78
1200
160
1100
28
56.98
670
210
740
29
72.88
590
150
800
16
42.02
710
190
850
18
42.8
570
190
1100
78
44.04
700
200
1300
83
46.42
370
250
1300
23
39.6
1400
200
1210
65
51
740
200
1300
44
34.78
900
190
1800
140
55.24
1200
170
1400
67
42.62
1400
130
1600
110
61.44
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